Wright State University

CORE Scholar
Browse all Theses and Dissertations

Theses and Dissertations

2014

The Role of Subunit III in the Functional and Structural Regulation
of Cytochrome c Oxidase in Rhodobacter spheroids
Khadijeh Salim Alnajjar
Wright State University

Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all
Part of the Biomedical Engineering and Bioengineering Commons

Repository Citation
Alnajjar, Khadijeh Salim, "The Role of Subunit III in the Functional and Structural Regulation of Cytochrome
c Oxidase in Rhodobacter spheroids" (2014). Browse all Theses and Dissertations. 1449.
https://corescholar.libraries.wright.edu/etd_all/1449

This Dissertation is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It
has been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE
Scholar. For more information, please contact library-corescholar@wright.edu.

THE ROLE OF SUBUNIT III IN THE FUNCTIONAL AND STRUCTURAL
REGULATION OF CYTOCHROME C OXIDASE IN RHODOBACTER
SPHAEROIDES

A dissertation submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

By

KHADIJEH S. ALNAJJAR
B.S., Wright State University, 2009

2014
Wright State University

	
  

	
  

WRIGHT STATE UNIVERSITY
GRADUATE SCHOOL
August 21, 2014
I HEREBY RECOMMEND THAT THE DISSERTATION PREPARED UNDER MY
SUPERVISION BY Khadijeh S. Alnajjar ENTITLED The Role Of Subunit III in the
Functional and Structural Regulation of Cytochrome c Oxidase in Rhodobacter
sphaeroides BE ACCEPTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF Doctor of Philosophy.
________________________
Lawrence J. Prochaska, Ph.D.
Dissertation Director
________________________
Mill W. Miller, Ph.D.
Director, Biomedical Sciences
Ph.D. Program
________________________
Robert E. W. Fyffe, Ph.D.
Vice President for Research and
Dean of the Graduate School
Committee on
Final Examination
________________________
Lawrence J. Prochaska, Ph.D.
________________________
Gerald M. Alter, Ph.D.
________________________
Heather A. Hostetler, Ph.D.
________________________
J. Ashot Kozak, Ph.D.
________________________
Michael Raymer, Ph.D.

	
  

	
  

ABSTRACT
Alnajjar, Khadijeh Ph.D., Biomedical Sciences Ph.D. Program, Wright State University,
2014. The Role of Subunit III in the Functional and Structural Regulation of Cytochrome
c Oxidase in Rhodobacter sphaeroides.
Cytochrome c oxidase (COX) catalyzes the oxidation of ferrocytochrome c and
the reduction of oxygen to water while concomitantly translocating protons across the
inner mitochondrial membrane. The catalytic core of COX consists of three subunits that
are conserved from the bacterial to the mitochondrial forms of the enzyme. Subunits I
and II (SUI and SUII) contain the metal centers where electrons are transferred and
oxygen binds for reduction. Subunit III (SUIII) does not contain any metals and has an
unknown function. It contains three conserved histidine residues (3, 7 and 10) that are
surface exposed and are in close proximity to the mouth of the D-channel, which delivers
protons to both the catalytic and pump loading sites. Additionally, SUIII contains
conserved binding sites for phospholipids. The loss of phospholipids decreases electron
transfer activity; thus, they must have a functional and structural role in COX.
A triple histidine mutation (to glutamine) in SUIII was created in Rhodobacter
sphaeroides, a bacterial model of the mitochondrion. SDS-PAGE shows that half of the
enzyme lost SUIII. The mutant COX retained half of the wild-type electron transfer
activity and exhibited turnover-induced suicide inactivation. Visible absorbance
spectroscopy during steady-state turnover indicates that 20 % more electrons accumulate
at heme a in the mutant. In addition, when reconstituted into liposomes, the mutant

iii	
  
	
  

enzyme pumps protons at half the efficiency of wild-type. Our results indicate that
although the mutation does not perturb the catalytic site, as verified by pH dependence, it
slows electron transfer activity indirectly by slowing proton uptake through the Dchannel. Taken together, the results show that the three histidine residues in SUIII
stabilize the interactions between SUI and SUIII and serve as a proton collecting antenna
for the entry point of the D-channel in SUI.
To study the function of the phospholipids, phospholipase A2 and detergent were
used to extract them from COX. This was confirmed by measuring phosphate content
using ICP-MS. Electron transfer activity was decreased 30-50 % and the enzyme
exhibited suicide inactivation, both were reversible by the addition of exogenous lipids,
most specifically by cardiolipin and long chain fatty acids. Limited proteolysis by αchymotrypsin of the delipidated COX exhibited a faster digestion rate of SUI as
compared to control. This indicates that a conformational change allowed SUI to be more
labile for chymotrypsin digestion in the absence of lipids. COX was also labeled with a
fluorophore (IAEDANS), which specifically links to SUIII. Fluorescence rotational rate,
as measured by anisotropy, was faster in the delipidated COX, which suggests an
increased flexibility in SUIII. Additionally, fluorescence energy transfer between
IAEDANS and a fluorescently labeled cardiolipin revealed that cardiolipin binds in the vshaped cleft of SUIII in the delipidated COX, and that it shifts closer to the active site
during catalytic turnover. In conclusion, these results show that the phospholipids
regulate events occurring during electron transfer activity by maintaining the structural
integrity of the enzyme at the active site.
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I.

INTRODUCTION

The Electron Transport Chain
Aerobic species metabolize foodstuffs to produce energy in the form of ATP
(Mitchell, 1961). This process is referred to as cellular respiration (Saraste, 1999). Most
of the cellular energy is produced through oxidative phosphorylation in the mitochondria,
the powersource of the cell, in the presence of oxygen (Saraste, 1999). Electrons
harvested through metabolic processes, such as glycosis, fatty acid β–oxidation and citric
acid cycle, are captured in the cell and transferred in the form of reduced cofactors, i.e.,
NADH and FADH2. This sequence of events terminates with the electron transport chain
(ETC), which is located in the inner mitochondrial membrane. The electron carriers
spontaneously transfer electrons to oxygen, the final electron acceptor of the ETC, to
produce water (Figure 1A) (Saraste, 1999; Yaniv et al., 2010).
NADH and FADH2 are strong reducing agents; they donate their electrons to
NADH dehydrogenase and succinate dehydrogenase, respectively (Saraste, 1999). These
two complexes reduce the membrane-bound electron carrier, ubiquinone, which transfers
its electrons to the water soluble cytochrome c through cytochrome bc1. Electrons are
ultimately combined with oxygen to produce water (Hatefi, 1985). The energy released as
a result of this cascade of events is conserved to pump protons vectorially across the
inner mitochondrial membrane or the cellular membrane of bacterial species (Mitchell,
1
	
  

Figure 1
The Electron Transport Chain of the Mitochondria and its Organization into
Supercomplexes. (A) The protein complexes of the electron transfer chain are embedded
in the inner membrane of the mitochondria in mammals or in the cellular membrane of
bacteria. Protons are pumped from the N-side (Negative) to the P-side (Positive) of the
membrane. Complex I (4HE8, Baradaran et al., 2013 from Thermus thermophiles) is
shown in Pink; Complex II is shown in Orange (2H88, Huang et al., 2006 from chicken
heart mitochondria); Complex III is shown in Blue (3TGU, Hao et al., 2012 from bovine
heart mitochondria); Complex IV is shown in Green (2DYR, Shinzawa-Itoh et al., 2007
from bovine heart mitochondria); ATP synthase is shown in Purple (1QO1, Stock et al.,
1999 from bovine mitochondria). Reactions catalyzed by each complex are listed. (B)
Predicted organization of the electron transport chain as supercomplexes. Coordinates
were taken from 2YBB (Althoff et al., 2011). Shown in Pink is complex I, complex III in
Blue, and complex IV in Green. Ubiquinone is shown in Red, cytochrome c is shown in
Black and cardiolipin is shown in Yellow. The membrane, which contains
phosphotidylcholine, was prepared using VMD; protein structures were prepared using
DS Viewer Pro.

2
	
  

(A)

P-side

𝛥pH = 0.9
𝛥𝛹 = 180  mM

4H+

2H+

4H+

2H+

4H+

2e
2 NADH

4H+

-

½ O2 + 2 H+

e-

2 NAD +

FADH2

H2O

FAD
10H+

N-side

Succinate

6 ADP + 6 Pi

Fumarate

(B)

3
	
  

6 ATP

1961). The pumping of protons generates a proton gradient (∆𝑝H = 0.9) and a potential
gradient (∆𝜓 = 180  mV) (Porcelli et al., 2005; Yaniv et al., 2010). The summation of
both gradients creates the proton-motive force. Peter Mitchell hypothesized that ATP
synthase utilizes this electrochemical gradient in the synthesis of ATP (Mitchell, 1961;
Saraste, 1999; Von Ballmoos et al., 2009). Ultimately, the transfer of two electrons from
NADH across three complexes of the ETC results in the pumping of ten protons across
the inner mitochondrial membrane (Hosler et al., 2006). These events are known as the
central dogma of bioenergetics, where energy is stored in the form of an electrochemical
gradient to be used for ATP synthesis (Rousseau, 1999).
Complex I of the ETC is known as NADH:ubiquinone oxidoreductase (Figure
1A, Pink). It consists of 44 subunits, at about 980 kDa in size, seven of which are
encoded by mitochondrial DNA (Carroll et al., 2006; Baradaran et al., 2013). Complex I
contains eight Fe-S clusters, and a non-covalently linked FMN prosthetic group (Schultz
and Chan, 2001). The L-shaped structure contains a hydrophobic integral membrane
domain, where ubiquinone binds, joined to a hydrophilic domain extending into the
matrix of the mitochondria, which contains the NADH binding site, the FMN cofactor,
and the Fe-S clusters (Baradaran et al., 2013). This complex catalyzes the oxidation of
NADH in the matrix (Reduction potential = -320 mV) and reduction of ubiquinone (Q)
(Reduction potential = +90 mV) to ubiquinol (QH2) in the inner mitochondrial membrane
(Brandt, 2006; Schutlz and Chan, 2001). Two electrons are transferred from NADH to
FMN and then transferred sequentially through a series of seven Fe-S clusters to Q,
which is bound to a site located in the integral membrane domain of complex I, to form
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QH2 (Hirst, 2010). Energy released from the two electron reduction of Q is utilized to
pump four protons across the membrane (Hirst, 2010).
Complex II (Figure 1A, Orange), known as succinate:ubiquinone oxidoreductase,
catalyzes the oxidation of succinate to fumarate, coupled to the reduction of Q (Cecchini,
2003). The structure contains four subunits, which are nuclear encoded, at a molecular
weight of ~124 kDa (Sun et al., 2005). Two of the subunits are hydrophilic, extending
into the matrix of the mitochondria. They contain FAD as a cofactor and nine Fe-S
clusters to catalyze the oxidation of succinate to fumarate and the electron transfer events
(Sun et al., 2005). The other two subunits are hydrophobic, which anchor the protein to
the membrane. They contain heme b, and the ubiquinone binding sites (Sun et a., 2005).
The oxidation of succinate to fumarate in the matrix results in the reduction of FAD to
FADH2 (Reduction potential = -79 mV) (Sun et al., 2005). One electron is transferrd from
succinate to FAD and then through the Fe-S clusters to reduce Q, resulting in the
formation of a semiquinone, another electron is then transferred to form QH2 (Lemire and
Oyedotun, 2002). Energy released from this reaction has been shown to be insufficient to
pump protons; thus, this reaction acts to produce reduced Q (Cecchini, 2003).
QH2, produced from complexes I and II, transfers its electrons to complex III
(Figure 1A, Blue), which is referred to as cytochrome bc1 or cytochrome c reductase
(Crofts, 2004). It consists of 11 subunits, one of which is encoded by mitochondrial
DNA, at a molecular weight of ~250 kDa (Saraste, 1999). It contains heme bH and bL and
heme c1, in addition to the Rieske complex comprising of Fe2S2, and two binding sites for
Q (Iwata et al., 1998; Solmaz and Hunte, 2008). QH2 binds to this complex, which
transfers its first electron to the Rieske protein through heme c1 to reduce the water
5
	
  

soluble cytochrome c (Crofts, 2004). This results in the formation of a one-electron
reduced Q, a semiquinone. The second electron is transferred from the semiquinone,
through bL and bH to be delivered to another Q binding site to reduce Q to form a
semiquinone. This sequence of events repeats with another QH2 to complete the Q cycle
(Crofts, 2004). As a result, two QH2 molecules are oxidized to reduce two cytochrome c
molecules and produce one QH2. Energy produced as a result of the transduction of
electrons, and because of the difference in reduction potential, is utilized to pump two
protons per electron transferred (Crofts, 2004; Yu et al., 1996).
Complex IV is referred to as cytochrome c oxidase (Figure 1A, Green). It contains
thirteen subunits, three of which are encoded by mitochondrial DNA, exhibiting a
molecular weight of ~200 kDa (Yoshikawa et al., 1998). It contains a dicopper center
(CuA), heme a, heme a3 and CuB. Cytochrome c migrates across the surface of the inner
mitochondrial membrane to bind to complex IV (Yoshikawa et al., 1998). Electrons are
transferred from cytochrome c through CuA and heme a to heme a3 and CuB, where
oxygen is bound to be reduced (Hosler, 2006). Meanwhile, four protons are taken up
from the matrix of the mitochondria for oxygen reduction. Energy produced as a result of
the reduction is conserved to pump four protons per oxygen consumed (Hosler et al.,
2006).
ATP Synthase, F1F0ATPase, is the final complex of the ETC (Figure 1A, Purple).
It employs the electrochemical gradient created across the membrane to drive a
mechanical mechanism for the synthesis of ATP from ADP and inorganic phosphorous
(Walker, 2013). It contains 16 proteins at different stoichiometries, two of which are
encoded by mitochondrial DNA, exhibiting a molecular weight that is greater than 500
6
	
  

kDa (Sarate, 1999). Mainly, ATP synthase conains two domains. The soluble F1 domain,
which extends into the matrix of the mitochondria and is where nucleotides bind and ATP
is synthesized. The integral membrane Fo domain contains the proton channel and the
motor that generates rotation using the energy from the electrochemical gradient (Walker,
2013). Both domains are joined by a stalk, containing a rotor and a stator, which is
necesasry to transmit the rotation motion from Fo to F1 (Elston et al., 1998; Walker,
2013). Proton diffusion across the inner mitochondrial membrane drives a conformational
change, which results in the binding and phosphorylation of ADP. Four protons are
required for the phosphorylation of one ADP to produce ATP (Saraste, 1999).
The arrangment of ETC complexes has been recently studied to provide evidence
against a random distribution in the inner mitochondrial membrane (Schagger and
Pfeiffer, 2000; Schagger, 2002; Pfeiffer et al., 2003; Lapeunte-Brun et al., 2013; Genova
and Lenaz, 2013; Mileykovskaya and Dowhan, 2014). Electron microscopy and blue
native gel electrophoresis studies of membrane extracts show that some of these
complexes form high-order structures by weakly interacting with each other (Schagger
and Pfeiffer, 2000; Wittig et al., 2007; Nubel et al., 2009). These structures are referred to
as supercomplexes or respirasomes (Genova and Lenaz, 2014). Supercomplexes are
composed of complexes I, III IV, and V, and the two electron carriers, Q and cytochrome
c. These complexes can interact at different stoichiometries and configurations, with
supercomplexes I1III2 and I1III2IV1 as the most common in the membrane and the latter
being the most active; though, they have been shown to be dynamic in the membrane
(Figure 1B) (Acin-Perez et al., 2008; Genova and Lenaz, 2014; Schafer et al., 2006).
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One of the advantages of having a high-order structure in the inner mitochondrial
membrane is to form distinct pathways for electron carriers for direct electron transfer
(Genova and Lenaz, 2014). This would accelerate the rate of electron transfer between
different complexes and reduce the dependence of electron transfer on diffusion. This
also reduces the potential of generating reactive oxygen species (ROS) and allows for a
more efficient oxidative phosphorylation process (Lapuente-Brun et al., 2013; Genova
and Lenaz, 2014).
It has also been shown that complex I is more stable in the form of a
supercomplex as compared to the free diffusing complex (Stroh et al., 2004).
Additionally, complexes III and IV were reported to have higher activities in the highorder structure of a supercomplex (Stroh et al., 2004). It is proposed that the proteinprotein interactions may provide an allosteric effect, allowing for conformational
changes, which may act as a regulation mechanism and can result in increased activity
(Schafer et al., 2007).
Studies have also shown that the phospholipid content acts as a determining factor
in the formation of supercomplexes (Lenaz and Genova, 2007; Mileykovskaya and
Dowhan, 2014). Most notably, cardiolipin (CL) and phosphatidylethanolamine (PE) have
a significant impact on the formation of supercomplexes; though, they both do not form
membrane bilayers (Bottinger et al., 2012). CL has been shown to bind tightly to
complexes III and IV (Sedlak, 1999, Arnarez et al., 2013; Bottinger et al., 2012). The
formation of supercomplexes becomes difficult in the absence of CL, conversely, the
removal of PE results in the formation of larger supercomplexes (Pfeiffer et al., 2003;
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Bottinger et al., 2012). The discrepency in the effect is most likely due to the charge of
the head group of each of the phospholipids (Bottinger et al., 2012).
Figure 1B shows the electron microscopy image of supercomplexes containing
complex I, III and IV at a stoichiomtery of 1:2:1 fitted to known structures of each of the
complexes from different organisms (Althoff et al., 2011). The structure shows that the
dimeric form of complex III and complex IV are situated against the integral membrane
domain of complex I with cytochrome c near complex III and ubiquinone near complex I
and III (Figure 1B). The structure also provides evidence to support that cardiolipin is
positioned to act as a cohesive adherent for the formation of the supercomplex, which
makes it essential for the formation of these complexes (Althoff et al., 2011).
Cytochrome c Oxidase
Cytochrome c oxidase (COX) is the terminal complex of the electron transport
chain in the mitochondria (Figure 2). It accepts electrons from cytochrome c and, in turn,
reduces molecular oxygen to produce two water molecules while pumping one proton per
electron transferred (Wikstrom, 1977). The reaction is summarized in the following
equation and is shown in Figure 3:
4 cytochrome c2+ + O2 + 8 H+ à 2 H2O + 4 H+ + 4 cytochrome c3+

(eqn. 1)

The reduction of molecular oxygen requires four electrons. These electrons are
transferred sequentially from cytochrome c to a diatomic copper center (CuA) near the
surface of COX (Figure 3). Electrons flow to heme a, located 19 Å from CuA, and then to
the binuclear center (BNC), which is 14 Å away from heme a, where molecular oxygen
binds to be reduced. In concert with oxygen reduction, eight protons are taken up from
the mitochondrial matrix or the bacterial cell; four of these protons are pumped across the
9
	
  

Figure 2
The X-Ray Crystal Structure of the Catalytic Core of COX in RBS. SUI is shown in
Cyan, SUII in Brown, SUIII in Teal, and SUIV is shown in Black. Structure is adapted
from Svensson-Ek et al., 2002. The dicopper center in SUII and CuB in SUI are shown in
Pink, heme a and a3 are shown in Yellow with the iron in Brown, and the phospholipids
are shown in Red. Prepared with DS ViewerPro using coordinates from 1M56 (SvenssonEk et al., 2002).
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Figure 3
Schematic of the Reaction Centers of COX. Electrons are transferred through multiple
redox centers from ferrocytochrome c. Protons are transferred concomitantly through the
K- channel (shown in Red) and D-channel (Blue) to reduce molecular oxygen and
produce water at the binuclear center (Faxen et al,. 2005). Essential residues from both
proton pathways are shown leading up to the active site. In addition, the proposed pump
loading site is shown to be a heme a3 propionate and R481 of SUI (Yellow) (Busenlehner
et al., 2006). Heme a and a3 are shown in Pink, Cu in Brown and Mg in Green. Water
molecules lining the proton uptake channels are shown as Black spheres. Prepared with
DS ViewerPro using coordinates from 1M56 (Svensson-Ek et al., 2002).
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membrane, while the other four are transferred to the BNC for oxygen reduction to
produce water (Michel et al., 1998; Svensson-Ek et al., 2002).

Catalytic Core Conservation and Structure
The catalytic core of COX is composed of three subunits that are highly conserved
across species; they contain the redox centers and are required for efficient activity
(Michel et al., 1998). In eukaryotes, COX is composed of thirteen subunits (Tsukihara et
al., 1996). Three of these subunits are encoded by mitochondrial DNA, referred to as the
catalytic core. Ten subunits of COX are encoded by nuclear DNA and are referred to as
accessory subunits; however, they are not conserved across species. It is proposed that
these subunits evolved in eukaryotes to regulate the electron transfer activity of COX
(Peirron et al., 2012).
Eukaryotic species, unlike prokaryotic species, are unable to switch between
different respiratory chains in response to environmental changes (Richardon, 2000).
Pierron et al. suggested that the eukaryotic cells evolved accessory subunits in a
“domestication scenario” in which cells changed metabolic needs over time and were
able to develop these subunits to allow for tighter control over the ancestral activity
(Pierron et al., 2012). Thus, these subunits are used to apply selective pressures as a
regulation mechanism for activity.
The process of oxidative phosphorylation is regulated to account for supply of
nutrients and demand of energy and to eliminate the release of toxic side products
(Pacelli et al., 2011). COX is known to be a major regulator of oxidative phosphorylation
and ATP production in the cell. This is due to its highly controlled expression, assembly
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and activity. It exhibits tissue-specific isoforms of the nuclear subunits as a regulation
mechanism. Additionally, COX has a proton back-flow pathway to reduce the
accumulation of membrane potential across the inner mitochondrial membrane (Pacelli et
al., 2011, Follmann et al, 1998; Mills et al., 2002).
The mitochondrial-encoded subunits are conserved across eukaryotic and
prokaryotic species. They are referred to as the catalytic core because they contain the
redox metal centers and because they are necessary for efficient activity (Soto et al.,
2012). Site-directed mutagenesis is widely utilized to study COX. This tool is challenging
to use in the mitochondria due to the high abundance of mitochondria in the cell and the
heterogeneity of mitochondrial DNA (He et al., 2010; Pierron et al., 2012). Accordingly,
COX in Rhodobacter sphaeroides (RBS) has been used as a simplified model to study the
mammalian form of COX (Hill, 2004). In comparison to bovine heart mitochondria,
Subunit I (SUI) of RBS contains 46 % amino acid sequence homology, subunit II (SUII)
contains 30 % homology and subunit III (SUIII) contains 40 % homology (Hosler et al.,
1992). Though this bacterial model has allowed for the extensive characterization of the
enzyme, the enzymatic mechanism has yet to be fully understood. For the subsequent
discussion of this introduction, the RBS COX will be used as the model unless otherwise
noted.
Subunit I
Subunit I of COX (Figure 2, Cyan) is the largest of the three subunits of the
catalytic core, exhibiting a molecular weight of 63.9 kDa (Svensson-Ek et al., 2002; Qin
et al., 2009; Distler et al., 2004). It is arranged into 12 transmembrane α-helices, where
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both the c- and n- termini are located near the cytoplasmic side of the membrane. It
contains heme a and the BNC. Heme a contains a low-spin six-coordinated iron, which is
bound to two axial histidine residues, H102 and H421 (RBS numbering).
The BNC is composed of a high-spin five-coordinated heme a3 and CuB, which are
separated by approximately 4.5 Å. This distance has been reported to be dependent on the
oxidation state in bovine COX, where it becomes shorter in the fully oxidized state as
compared to the fully reduced state (Yoshikawa et al., 1998). Heme a3 is coordinated to
H419, while CuB is stabilized by three histidine residues, H333, H334 and H284
(Shapleigh et al., 1992; Kaila et al., 2009). H284 forms a post-translational covalent
linkage with Y288, which is important to anchor CuB at a distance from heme a3 and is
also important as an electron and proton source for the cleavage of the oxygen double
bond (Pinakoulaki et al., 2002; Pratt et al., 2005). Upon binding of oxygen to the reduced
BNC (Oxygen reduction potential = 810 mV), CuB is oxidized to the cupric state (CuB II)
causing a conformational change from tetragonal (cuprous state, CuB I) to a trigonal
configuration (Hendler et al., 1990; Kaila et al., 2009). A non-redox magnesium molecule
is also coordinated at the interface between SUI and SUII to E254 (SUII), D412 and
H411 (SUI) (Schmidt et al., 2003). It is proposed that this magnesium is necessary for the
ejection of water molecules produced at the active site (Schmidt et al., 2003; Sharpe et
al., 2009).
SUI contains two hydrated proton translocation pathways, the K- and D- channels
(Figure 3), named after essential amino acids within the channels, K362 and D132,
respectively (Svensson-Ek et al., 2002). Protons transferred to the BNC for oxygen
reduction are referred to as substrate protons, while protons transferred across the
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membrane are referred to as pumped protons. Two of the substrate protons are transferred
through the K-channel (Figure 3, Red residues), while the other two substrate protons, in
addition to all pumped protons, are transferred through the D-channel (Figure 3, Blue
residues) (Svensson-Ek et al., 2002). The initial proton acceptor in the K-channel is E101
in SUII, which delivers protons to S299 and K362 of SUI via two water molecules. This
channel continues through multiple sites and terminates at Y288 in SUI (Branden et al.,
2001). Tyrosine 288 has unique properties in the K-channel (Figure 3). It forms a
covalent linkage with the ε-N of H284, a CuB ligand, which alters its pKa, making it a
suitable site for proton exchange (Voicescu et al., 2009). Y288 has been shown to donate
an electron; thus, the covalent bond acts to stabilize the resultant tyrosine radical (Kaila et
al., 2009). Additionally, this residue forms a hydrogen bond with the hydroxyl group of
the hydroxylfarnesyl tail of heme a3, which has been shown to act as a gating mechanism
for protons transferred through the K- and D- channels (Qin et al., 2009).
The initial proton acceptor of the D-channel (Figure 3, Blue) D132 in SUI is
located at the cytoplasmic face of the enzyme. A chain of water molecules, as resolved in
the crystal structure, forms a channel connecting multiple hydrophilic amino acid
residues to E286, which is 10 Å away from the BNC (Johansson et al., 2011; Wikstrom
and Verkhovsky, 2011). It has been suggested that E286 is involved in the rate-limiting
step in proton uptake through the D-channel. Accordingly, the pKa of steady-state
activity (pKa=8.5) is proposed to be representative of this group (Mills et al., 2002; Qin et
al., 2009). This pKa describes the equilibrium in the configuration of the side chain of
E286. It is proposed that the configuration of E286 shifts between different positions to
pick up protons from a donor nearby and to deliver them to either the active site or to the
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proton pump loading site (Pomes et al., 1998; Wikstrom et al., 2004; Egawa et al., 2011).
The pump loading site is proposed to be the D-propionate group of heme a3 along with a
closely associated arginine residue (R481) (Figure 3, Yellow) (Seibold et al., 2005; Kaila
et al., 2011).
Protons travel through these channels in accordance to the Grotthuss mechanism,
where proton transfer occurs by the reorganization of hydrogen bonds between polar
groups (Henry et al., 2009; Rich and Marechal, 2013). Structural analysis of the reduced
and oxidized enzyme suggests a structural gating mechanism that controls proton uptake
through the two proton channels (Qin et al., 2009). Upon reduction, a movement of heme
a3 leads to the loss of a hydrogen bond between Y288 of the K-channel and the farnesyl
group of heme a3. A water molecule then moves at the top of the K-channel, which opens
the K-channel and allows for proton delivery through the K-channel to the active site.
Concomitantly, a water molecule is lost during this transition near E286, which blocks
proton delivery through the D-channel (Qin et al., 2009).

Subunit II
Subunit II of COX (Figure 2, Brown) is composed of two transmembrane α-helices
and a globular β-barrel domain, which extends past the cellular membrane (Svensson-Ek
et al., 2002). It exhibits a molecular weight of 29.2 kDa (Distler et al., 2004). Cytochrome
c binds to the globular β-barrel domain by a number of electrostatic interactions between
its basic groups (pI ≈ 10.0, midpoint potential 265 mV) and the acidic groups of SUII
(Van Gelder and Slater, 1962; Hendler et al., 1990; Zhen et al., 1999). Electrons tunnel
from cytochrome c to a tightly coupled di-copper (CuA) center contained within the
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globular domain of SUII with a rate constant of 3x108 M-1 s-1 (Svensson-Ek et al., 2002;
Maneg et al., 2004; Kaila et al., 2010). The two copper molecules are coordinated to four
residues: C252, C256, H217 and H260. These residues anchor and stabilize the di-copper
center within the structure (Svensson-Ek et al., 2002).

Subunit III
Subunit III of this enzyme (Figure 2, Teal) exhibits a molecular weight of 30.7 kDa
(Distler et al., 2004). It is positioned adjacent to SUI, where there is significant sequence
conservation (Hosler, 2004). This subunit is highly hydrophobic and does not contain
metal centers. It is arranged into seven transmembrane α-helices that bundle to form a vshaped cleft where two phospholipids are bound (Svensson-Ek et al., 2002). Several
studies suggest a possible role of this subunit in the maintenance of structural integrity
and the maintenance of rapid turnover rate through regulation of proton uptake, oxygen
delivery and proton exit (Prochaska and Reynolds, 1986; Prochaska and Fink, 1987;
Hofacker and Schulten, 1998; Gilderson et al., 2003; Mills et al., 2003; Alnajjar et al.,
2014); however, the exact function has yet to be determined.
SUIII has conserved phospholipid-binding sites within the cleft, where two
phosphotidylethanolamine (PE) molecules are bound (Figure 4A, B and C) (Svensson-Ek
et al., 2002). The fatty acid chains (FA) of these lipids (Figure 4D) are composed of 18carbon monounsaturated FA (Svensson-Ek et al., 2002). The phosphate head groups of
the lipids form ionic interactions with R137 (SUI) and R226 (SUIII) and the fatty acid
chains form Van der Waals interactions with W58 and W59 along with other groups
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Figure 4
Structure of Phospholipid Binding Site. (A) Side view of the v-shaped cleft in SUIII
with the phospholipids shown in red. There are two different populations of lipids, one
population containing two PE within the v-shaped cleft in SUIII and another population
at the interface between SUI, SUIII and SUIV. (B) Top view of COX. (C) Close up on
phospholipids within the v-shaped cleft in SUIII with some of the interaction sites shown.
(D) Amino acids important for the interaction of PE with COX. R137 (SUI), R226
(SUIII), in addition to W58 and W59 are shown to be essential for the interaction
(Varanasi et al., 2006). DS ViewerPro was used to prepare the images using coordinates
from 1M56 (Svensson-Ek et al., 2002). SUI is shown in Cyan, SUII in Brown, and SUIII
in Teal and phospholipids in Red.
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Figure 5
The Catalytic Intermediates of COX. Intermediates of a single catalytic turnover
during oxygen reduction as adapted from Brzezinski et al., 2010. Oxygen binds to the
fully reduced COX, R-intermediate, to form a variety of intermediates as monitored
spectrally. Time constants for each reaction are reported and substrates necessary for
each reaction are also indicated. HD+ are protons transferred through the D-channel, HK+
are those transferred through the K-channel, and HP+ are steps where protons are pumped.
Two water molecules are released during two different steps as they formed. The
catalytic cycle is divided into two phases, the reductive phase, where the enzyme gets
reduced in preparation for oxygen binding, and the oxidative phase, where oxygen binds
to be reduced (Capitanio et al., 2006).
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within SUIII (Varanasi et al., 2006).

Catalytic Intermediates
Flow-flash spectroscopic studies, in addition to molecular dynamics, have provided
a time-resolved understanding of the intermediates formed during a single catalytic
turnover (Figure 5). A single turnover is defined as the enzymatic cycle necessary to
reduce molecular oxygen and produce two water molecules (Busenlehner et al., 2006;
Belevich et al., 2010; Brzezinski and Johansson, 2010). The catalytic cycle is divided into
two phases, the reductive phase where the enzyme gets reduced in preparation to bind to
oxygen (Intermediates OàR, Figure 5), and the oxidative phase, where oxygen binds to
be reduced (Verkhovsky et al., 1999).
The reduction of oxygen proceeds through multiple catalytic intermediates. Starting
with the fully reduced enzyme (R) (Fe+2: CuB+1, YOH; where YOH represents the
protonated form of Y288) (Figure 5), oxygen proceeds to the active site with an affinity
of 1 µM in 10 µs to form the A intermediate (Fe+2-O2: CuB+1, YOH) (Krab et al., 2011).
Both of these intermediates (R and A) have characteristic optical absorbance peaks at 445
nm (Soret peak) and at 606 nm (α-peak) (Junemann et al., 1997). The oxygen double
bond is then broken by two electrons donated from heme a3 and an electron from CuB
(Fe+4 O-2: CuB+2 O-1). A proton then proceeds from Y288 to CuB+2 O-1 to form CuB+2 OH,
which is followed by an electron donated by the anionic Y288 residue to produce a
neutral tyrosine radical (YO·) (Fadda et el., 2008). This sequence of events results in the
development of the P intermediate (Fe+4 O-2: CuB+2 OH-, YO·), which forms within 150
µs and has characteristic peaks at 439 and 607 nm (Junemann et al., 1997). This rapid
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four-electron reduction of oxygen occurs in order to prevent the formation of reactive
oxygen species (ROS), thus the subsequent steps become rate limiting in regenerating the
fully reduced enzyme (Hill, 1994).
Subsequently, a proton moves from the D-channel to form the first water (Fe+4 O-2:
CuB+2 OH2), while an electron from heme a reduces YO· to yield the anionic form of
Y288 (YO-) and create the F intermediate (Fe+4 O-2: CuB+2 OH2, YO-). This intermediate
forms within 125 µs and has characteristic peaks at 439 and 580 nm (Wikstrom and
Morgan, 1992). Additionally, during PàF conversion, the first proton is transferred
through the D-channel to be pumped across the membrane (Brzezinski and Johansson,
2010).
After the formation of the F intermediate, heme a3 becomes reduced by an electron
from heme a and a proton is transferred from the D-channel to form the O intermediate
(Fe+3 OH-: CuB+2 OH2, YO-). This reaction causes a shift in the optical absorbance to 425
and 598 nm (Junemann et al., 1997). A second proton is also pumped through the Dchannel during this step, making the overall reaction time constant ~1ms. An electron is
then transferred from heme a to CuB. This reaction allows for the first water molecule to
be released from CuB. Additionally, a proton is transferred through the K-channel to form
the second water molecule. The third proton from the D-channel is pumped across the
membrane, resulting in the formation of the E intermediate (Fe+3 OH2: CuB+1, YO-)
(Brzezinski and Johansson, 2010).
The final step in a single catalytic turnover is the reduction of heme a3 by an
electron coming from heme a, allowing for the second water molecule to depart from the
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active site and leave a fully reduced BNC (Fe+2: CuB+1). During this step, a proton is
transferred through the K-channel to neutralize YO-, while the fourth proton is transferred
through the D-channel to be pumped across the membrane (Brzezinski and Johansson,
2010). Though the first part of this cycle is rapid, the last two steps can take up to 10 ms
to complete due to the small difference in reduction potential between the metal centers
(Belevich et al., 2010).

Steady-State Oxygen Reduction Activity
At saturating substrate concentrations, COX from RBS has a turnover number of
1500 - 2000 s-1 (Hosler et al., 1992). Factors including substrate concentration of
cytochrome c and oxygen, membrane potential (in the presence of a membrane bilayer),
ionic strength, and pH can affect steady-state activity. The interheme electron transfer is a
very rapid process (Kaila et al., 2010). The rate-limiting step in steady-state oxygen
reduction activity has been shown to be the dissociation of ferricytochrome c from SUII
(Garber and Margoliash, 1990). As a result, the chemical reductant, TMPD, is typically
used when measuring maximum steady-state activity to eliminate the dependence of
activity on the rate at which ferricytochrome c is released (Brunori et al., 2005).
Oxygen binding follows a first order reaction with a high affinity to the reduced
BNC. This high affinity occurs to trap the bound oxygen and eliminate the production of
ROS (Krab et al., 2011). Steady-state activity is also dependent on ionic strength. It
affects the affinity of COX to cytochrome c particularly because the interactions at SUII
are governed by electrostatic forces (Zhen et al., 1999).
Steady-state electron transfer assays performed at low ionic strength revealed
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biphasic kinetics for the interaction of cytochrome c with the enzyme (Ferguson-Miller et
al., 1976; Hosler et al., 1992). Though COX contains only a single cytochrome c binding
site, as shown by crystal structure and by chemical modifications, it exhibits biphasic
enzyme kinetics (Hosler et al., 1992; Zhen et al., 1999; Svensson-Ek et al., 2002). Studies
suggest that at high concentrations, a cytochrome c molecule continuously binds at SUII
and receives its electrons from a free ferrocytochrome c (Malmstrom and Andreasson,
1985). It was shown that the low affinity site is limited by the rate at which cytochrome c
collides with COX (Garber and Margoliash, 1990). However, at high ionic strength, the
low affinity site is lost, which could result from losing the weak electrostatic interactions
governing the binding of cytochrome c at the low affinity site (Garber and Margoliash,
1990). Many studies have also suggested a possible role of negatively charged
phospholipids in the binding of cytochrome c at the low affinity site in bovine heart (Vik
et al., 1981).
Steady-state activity is also dependent on pH. It has been shown that activity
increases as the pH decreased and that it becomes independent of pH in acidic buffers
(Mills et al., 2003). However, the biphasic binding kinetics of cytochrome c are
unaffected by pH (Riegler et al., 2005).
Studies have shown that the rate of electron transfer from heme a to heme a3 is
dependent on pH, where it decreases at alkaline pH. When the enzyme is reconstituted
into liposomes, the pH of the inside of a vesicle determines the electron transfer kinetics
across metal centers (Faxen and Brzezinski, 2007). This decreases proton uptake rates,
which makes proton uptake the rate-limiting step during steady-state oxygen reduction
activity at high pH (Riegler et al., 2005). At long distances, electrons are tunneled
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between two metal centers in accordance to the Marcus theory (Kaila et al., 2010). Thus,
electron transfer events are governed by the driving force, which is the difference in
potential energy, and the distance separating the two centers amongst other factors (Kaila
et al., 2010). Additionally, Greenwood and Gibson suggested that the redox centers in
COX have a cooperative property, where the reduction of one group, leads to changes in
the reduction potential of the others, which improves rates of electron transfer during
steady-state activity (Greenwood and Gibson, 1967). Accordingly, changes in the
protonation state of a nearby residue can affect the reduction potential of any of the
metals, thus, changing rates of electron transfer across (Verkhovsky et al., 2006).

Alternative Activities
In addition to being able to reduce molecular oxygen in the presence of electrons,
COX is able to catalyze a series of different reactions under defined conditions. Studies
have shown that COX from bovine heart has the ability to bind hydrogen peroxide as a
substrate to oxidize cytochrome c and produce water (Orii, 1982; Vygodina et al., 2007).
Hydrogen peroxidase binds at the active site in the presence of electrons to catalyze the
peroxidase activity, as shown in equation 2.
2 Cyt c+2 + H2O2 + 4 H+à 2 H2O + 2 H++ 2 Cyt c+3

(eqn. 2)

Enzymatic turnover in the presence of hydrogen peroxide eliminates the reductive
phase of the COX cycle, where the enzyme gets reduced in preparation for oxygen
binding (Intermediates OàR, Figure 5) (Bloch et al., 2004). Therefore, protons necessary
for water production and for pumping are transferred through the D-channel, which
makes turnover rates independent of proton uptake through the K-channel (Vygodina et
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al., 2007). As a result, the addition of hydrogen peroxide increases the rate of cytochrome
c oxidation because the new substrate (hydrogen peroxide) acts as a product of the
reductive phase and eliminates the need for extra protons through the K-channel, which is
rate limiting (Belevich et al., 2010).
Additionally, it has been suggested that COX from bovine heart and from bacteria
exhibit catalase activity as shown in equation 3 (Bolshakov et al., 2010; Hilbers et al.,
2012). Hydrogen peroxide can bind at the oxidized active site in the absence of electrons
with low binding affinity (Bickar et al., 1982). The enzyme is able to catalyze its
decomposition to produce oxygen, however the mechanism is unknown (Bolshakov et al.,
2010; Hilbers et al., 2013).
(2-3) H2O2 à (1-2) H2O + (1-2) O2 (O2͘-)

(eqn. 3)

It has been proposed that the binding of hydrogen peroxide causes the formation of
a tyrosine radical to complete the catalytic cycle (Bolshakov et al., 2010). This study
suggested that the first hydrogen peroxide molecule binds to the oxidized heme a3; two
electrons are then transferred from the enzyme to cleave the O-O bond and form the first
water molecule. It is proposed that the first electron comes from the trivalent iron of
heme a3 and the second is donated from Y288 of the K-channel to form a tyrosine radical
(Bolshakov et al., 2010). Because of the high reduction potential of the tetravalent iron
and tyrosine radical, another hydrogen peroxide binds to donate an electron to neutralize
Y288, this results in the release of a superoxide molecule and a proton. Finally, a third
hydrogen peroxide molecule is suggested to bind and donate an electron to regenerate the
trivalent iron while releasing another superoxide and a proton as byproducts (Bolshakov
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et al., 2010).
This enzyme can also exhibit nitric oxide reductase activity. Nitric oxide is a
reversible competitive inhibitor of COX that binds to either the fully reduced or half
reduced enzyme in accordance to equation 4, (Brudvig et al., 1980; Giuffre et al., 2002;
Brunori et al., 2005).
2NO + 2H+ + 2e-à N2O + H2O

(eqn. 4)

It is proposed that two molecules of nitric oxide bind at the active site, with the first
one binding to the reduced heme a3 and the second to CuB. As a result, two electrons and
two protons are transferred to release nitrous oxide and water (Brudvig et al., 1980).

Ligands, Activators, and Inhibitors
As a metalloprotein, the free coordination sites of heme a3 and CuB in COX have an
affinity for a variety of different ligands, which can alternate or inhibit the activity by
different mechanisms. Cyanide, azide and carbon monoxide are known potent inhibitors
of the enzyme, which bind at the BNC (Cooper and Brown, 2008). Cyanide and azide
bind tightly to the oxidized form of the enzyme; however, carbon monoxide binds to the
reduced form (Petersen, 1977; Cooper and Brown, 2008).
Cyanide is a noncompetitive inhibitor (Petersen, 1977). Inhibition of activity by
cyanide shows biphasic kinetic binding (Wainio and Greenlees, 1960). This can occur
from binding at two different locations, or can result from affinity to two different forms
of the enzyme. The crystal structure of cyanide bound COX shows that cyanide displaces
one of the coordination sites of CuB and acts as a bridge between CuB and Heme a3, thus,
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inhibition of activity is dependent on the surrounding environment (Qin et al., 2009;
Muramoto et al., 2010).
Azide has affinity to the oxidized or mixed valence COX and shows
noncompetitive binding (Petersen, 1977). It binds at the BNC and acts as a bridge
between CuB and Heme a3 (Fei et al., 2000). Azide also shows biphasic binding with a
low affinity site, which is thought to displace one of the ligands of heme a (Li and
Palmer, 1993).
The reduced BNC has a high affinity for carbon monoxide, as compared to oxygen
(which requires fully reduced BNC for binding), and can inhibit activity by competing
directly with oxygen at the reduced active site (Cooper and Brown, 2008; Wainio and
Greenlees, 1960). Carbon monoxide can also bind to the oxidized COX and donate two
electrons to form the P-intermediate at high pH (Figure 5) (Brzezinski and Malstrom,
1985). Alternatively, nitric oxide can bind rapidly at the reduced heme a3 even when CuB
is oxidized. This allows nitric oxide to compete with oxygen at the active site (Brudvig et
al., 1980).
Additionally, one of the most commonly used ligand to study the enzyme is
hydrogen peroxide (Orii, 1982; Junemann et al., 2000). Many studies proposed the
formation of a peroxide bridge structure between CuB and heme a3 in the oxidized state,
as inferred by the electron density from X-ray radiation (Aoyama et al., 2009). Hydrogen
peroxide has also been used to make intermediates chemically (von der Hocht et al.,
2011). The oxidized enzyme binds one equivalent of hydrogen peroxide to form the Pintermediate. An additional equivalent can also bind at low pH to form the F-intermediate
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(Figure 5) (Junemann et al., 2000)
Formate is another uncompetitive inhibitor at the BNC (Petersen, 1977). It binds to
the fully oxidized or partially reduced COX (Nicholls, 1975). The rate at which formate
binds and its affinity are pH dependent indicating that either the protonated form of
formate is the bound species or that protonation of nearby residues affects the binding
capacity (Nicholls, 1975).
Ligands can also bind at sites other than the BNC. Divalent cations, such as
calcium and magnesium, have been shown to display an inhibitory effect on activity
without binding at the BNC (Marchal et al., 2013; Vygodina et al., 2014). Though they do
not bind at the active site, they may act as allosteric regulators of the enzyme, however,
the mechanism of inhibition has not been established yet (Marechal et al., 2013;
Vygodina et al., 2014). Zinc has also been shown to have inhibitory effects on activity by
binding near the mouth of the D-channel or near the proton exit pathway (kusnetzow et
al., 2006; Kannt et al., 2001; Qin et al., 2007; Aagaard et al., 2001; Mills et al., 2002).
Finally, it has been shown that free fatty acids of different lengths and saturation
states bind COX to regulate its activity. Short chain fatty acids show an inhibitory effect
on activity; however, the mechanism of inhibition is not fully understood (Sharpe et al.,
1997). Sharpe et al. suggested that COX may have two fatty acid binding sites, one of
which is involved in the binding of cytochrome c and another may be located closer to
the BNC to allosterically regulate activity as indicated by spectral shifts in the presence
of fatty acids (Sharpe et al., 1997).
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The Role of SUIII in the Functioning of COX
Subunit III of the catalytic core of COX contains a highly conserved amino acid
sequence from prokaryotes to eukaryotes (Hosler et al., 1992). It shares an interface with
SUI where the interactions are governed by weak hydrophobic and electrostatic forces
(Varanasi et al., 2006). This makes the biochemical depletion of SUIII from the catalytic
core feasible by treatment with mild detergent or by treatment at alkaline pH (Prochaska
and Reynolds, 1986; Bratton et al., 1999; Svensson-Ek et al., 2002).
The elimination of SUIII from the catalytic core of COX upon treatment with
nonionic detergent causes a decrease in electron transfer activity, in the presence and
absence of an electrochemical gradient in liposomes, and causes a decrease in proton
pumping efficiency (Prochaska and Reynolds, 1986; Prochaska and Fink, 1987; Bratton
et al., 1999; Nguyen et al., 2002; Mills et al., 2003). Additionally, the enzyme lacking
SUIII (I-II oxidase) undergoes turnover-induced suicide inactivation, which occurs by an
unknown mechanism as the enzyme reduces molecular oxygen and ultimately leads to the
loss of CuB (Bratton et al., 1999). I-II oxidase spontaneously and irreversibly inactivates
with a catalytic lifetime that is 1 % of wild type (WT) at physiological pH (Bratton et al.,
1999).
Preliminary studies of the catalytic core of COX proposed that SUIII contains an
oxygen sink and a possible oxygen diffusion pathway to the active site via the v-shaped
cleft and the intrinsically bound lipids in SUIII. This conclusion was supported because
of the highly hydrophobic characteristic of SUIII and because it does not contain any
structural obstacles, which allows oxygen to partition in the area favorably and diffuse
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rapidly (Tsukihara et al., 1996; Hofacker and Schulten, 1998).
The loss of SUIII causes a decrease in the reduction potential of heme a3, which
results in decreased electron transfer rates from heme a (Bratton et al., 1999). It was
proposed that this change in the reduction potential is due to decreased proton transfer
rates, which would otherwise neutralize electron transfer and increase the reduction
potential of heme a3 (Karpefors et al., 1998; Bratton et al., 1999; Verkhovsky et al.,
2006).
The removal of SUIII also causes a decrease in proton pumping efficiency by 50 %
(efficiency is defined as the pumping of one proton per electron transferred and is defined
as 100 % in WT) (Prochaska and Reynolds, 1996; Mills and Hosler, 2005). This
phenomenon correlates with the proposed role of SUIII in maintaining the proton uptake
pathway, proton back-leak and the proton exit pathways (Mills et al., 2003; Hosler, 2004;
Adelroth and Hosler, 2006; Alnajjar et al., 2014). These changes in proton uptake and
proton translocation events have been extensively studied to identify the role of SUIII in
proton transfer.
The n-terminus of SUIII is located near the mouth of the D-channel of SUI. The
removal of SUIII results in the exposure of D132 to a more hydrophilic environment,
which results in a decrease of its pKa (Mills et al., 2003). Thus, proton extraction from
the nearby environment through D132 becomes the rate limiting step during steady-state
activity in I-II oxidase as opposed to E286 in WT (Rich et al., 1998; Gilderson et al.,
2003; Alnajjar et al., 2014). This conclusion is based on pH dependence studies of
steady-state activity of I-II oxidase, which exhibits a pKa of 7.2 as compared to 8.5 for
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WT (Gilderson et al., 2003). The mouth of the D-channel in SUI, D132, is protected from
direct solvent exposure by a number of hydrophobic residues in SUI and SUIII such as,
P131 and P136 (SUI), I11 and L12 (SUIII). This decreases the dielectric constant nearby
the mouth of the D-channel, which increases the pKa of D132, permitting faster proton
transfer rates to the active site (Gilderson et al., 2003).
At pH 9.0 and during a single catalytic turnover, the proton uptake rate in WT is
~10,000s-1 (Gilderson et al., 2003; Adelroth and Hosler, 2006). These studies assume that
there is a rapid equilibrium between the cytoplasmic side of the membrane and E286;
they also assume that the rate of proton transfer from E286 to the BNC is rate limiting
(Wikstrom and Verkhovsky, 2011). At the same pH, proton uptake through the Dchannel by I-II oxidase decreases to a rate of 350 s-1, similar to the rate of proton
diffusion through water (400 s-1) (Adelroth and Hosler, 2006; Gutman and Nachliel,
1990). This suggests that the rate limiting step has changed and that the rapid equilibrium
across the D-channel to E286 has shifted (Gilderson et al., 2003; Adelroth and Hosler,
2006; Gutman and Nachliel, 1990). Accordingly, SUIII is essential for efficient proton
uptake coupled to electron transfer activity.
Proton uptake in COX has been measured to be as fast as 100 µs at pH 7.0,
whereas the time constant for proton binding as limited by diffusion is ~1 ms (Johansson
et al., 2013; Sacks et al., 1998). Therefore, during conditions of high enzyme turnover,
COX cannot be limited by proton diffusion. This suggests that buffering groups are
necessary at the surface of the proton uptake channel not only to bind free protons at a
high rate but also to retain them for immediate transfer at a rate determined by the rate of
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enzymatic turnover and independent of proton diffusion (Sacks et al., 1998; Alnajjar et
al., 2014).
Further characterization of I-II oxidase using single turnover experiments shows
that the rates of intermediate formation are similar except for the formation of the O
intermediate (Figure 5), which has a 2-fold slower rate in I-II oxidase as compared to WT
(Gilderson et al., 2003). Additionally, the transfer of a proton was absent during the PàF
transition while two protons were transferred at a rate that is 30-fold slower in I-II
oxidase as compared to WT during FàO step (Gilderson et al., 2003). In addition, the pH
dependence of the O intermediate in I-II oxidase exhibits an acidic pKa shift to 6.8 as
compared to 8.6 of WT. These pKa values are similar to those determined via steadystate kinetics, which confirms that the rate limiting reaction in steady-state oxygen
reduction activity in I-II oxidase has changed to be limited by the rate of proton uptake
through D132 (Varanasi and Hosler, 2011).
SUIII protects the enzyme from undergoing irreversible turnover-induced suicide
inactivation (Mills et al., 2005). Suicide inactivation is characterized by a slow oxygen
reduction rate and a lifetime that is 1 % of WT (Bratton et al., 1999). It is measured in
terms of half the number of catalytic cycles (CC50) performed by the enzyme before the
irreversible inactivation (Hosler, 2004). Accordingly, suicide inactivation is proposed to
occur as a result of a delay in oxygen diffusion and a delay in proton delivery to the
active site, which results in altering the reduction potential at the active site and
decreased rates of electron transfer. This may also result in an increase in the lifetime of
the putative toxic ROS, which destabilizes the active site (Hosler, 2004).

36
	
  

Alternatively, the expression of COX with a genetically deleted SUIII caused the
accumulation of SUIa, an immature precursor to SUI, which contains only heme a and
not the BNC (Bratton et al., 2000). This means that SUIII is involved in the proper
assembly and stabilization of the structural intermediates and in the formation of the three
dimensional structure of COX (Bratton et al., 2000).
Additionally, suicide inactivation results in the irreversible loss of CuB (Bratton et
al., 1999). It was demonstrated that the inactivated enzyme behaves analogous to
H284/Y288 mutants, amino acids located near the BNC, which lose CuB (Hosler, 2004).
This suggests that the inactivation may involve the release of CuB from its coordination
site at H284 (Bratton et al., 1999). It is possible that this occurs due to the direct
structural interaction between SUIII with SUI, which is likely to influence the structure of
SUI, particularly at the active site (Varanasi et al., 2006).
From these studies, it can be concluded that SUIII is essential for rapid turnover,
oxygen diffusion, proton uptake, and maximum proton pumping efficiency. Additionally,
SUIII is important for the assembly of the enzyme complex, and for maintaining the
structural integrity of COX at the active site (Mills et al., 2003; Hosler, 2004).

Endogenous Phospholipids in the Structure and Function of COX from RBS
Subunit III has a characteristic structural arrangement near SUI of the catalytic
core of COX (Svensson-Ek et al., 2002). It contains seven transmembrane α-helices that
are arranged to form a v-shaped cleft with helices 1 and 2 as one bundle and helices 3-7
as the second bundle (Figure 4). The three-dimensional structure of SUIII from RBS
shows that six bound phospholipids, identified as PE, interact with the enzyme at
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different locations (Figure 4A and B) (Svensson-Ek et al., 2002). SUIII contains
conserved phospholipid binding sites within the cleft, where two PE are intercalated
within helices 2, 3 and 6 of SUIII (Figure 4C and D) (Svensson-Ek et al., 2002). The
other four phospholipids are positioned at the interface between SUI, SUIII and SUIV
(Figure 4A and B). The phosphate head groups of the phospholipids in the v-cleft of
SUIII form ionic interactions with R137 (SUI) and R226 (SUIII), and the fatty acid
chains form Van der Waals interactions with W58 and W59 along with other conserved
residues in SUIII (Figure 4D) (Varanasi et al., 2006).
These lipids have been shown to be important for turnover (Vik et al., 1981;
Sedlak and Robinson, 1999; Varanasi et al., 2006). The removal of the phospholipids also
weakens the interactions between SUI and SUIII, leading to the loss of SUIII over time
(Varanasi et al., 2006). Additionally, the enzyme undergoes suicide inactivation in the
absence of the lipids, which leads to the loss of the integrity of the active site and the
ultimate loss of CuB. However, proton uptake rates are unaffected by the removal of those
lipids (Varanasi et al., 2006). This suggests that SUIII contributes to the efficient COX
activity via long range interactions, independent of proton uptake, to stabilize the
structure of the enzyme. Thus, it was proposed that these lipids control the dynamic
flexibility of the enzyme near the active site and that their absence causes uncontrolled
motion at the active site, which consequently results in turnover-induced suicide
inactivation (Varanasi et al., 2006).
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Figure 6
Molecular Structure of Cardiolipin. Cardiolipin carries a double negative charge and
has a bulky rigid structure that makes it uniquely different from other phospholipids.
Shown in Gray is carbon, Red is oxygen and Orange is phosphorous. Coordinates were
used from 3WG7 and the structure was prepared using DS ViewerPro (Hirata et al.,
2014).
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The Role of Phospholipids in the ETC and COX
The lipid composition of cellular membranes is unique to the different organelles
and can have specific functions depending on the location and the organism (Spector and
Yorek, 1985). Diphosphatidylglycerol, also known as cardiolipin (CL), is unique to the
mitochondria and its ancestors. It is synthesized in the mitochondria from PG and
cytidine diphosphate-diacylglycerol by cardiolipin synthase, and exists with higher
abundance in the inner membrane (Schlame and Hostetler, 1997; Sedlak et al., 2006). It
carries a double negative charge and has a unique bulky and rigid structure, which
prohibits it from forming micelles (Figure 6) (Bottinger et al., 2012). This unique lipid
has been implicated in the proper function of the mitochondria and in the functioning of
many of the complexes of the electron transport chain (Vik et al., 1981; Arnarez et al.,
2013; Pfeiffer et al., 2003; Houtkooper and Vaz, 2008; Mileykovskaya and Dowhan,
2014). For example, the lack of CL in yeast results in mitochondrial dysfunction
(Dowhan et al., 2004). Additionally, CL has been implicated in the formation of
mitochondrial supercomplexes, where CL is required for the association between the
different complexes (Mileykovskaya and Dowhan 2014; Genova and Lenaz, 2014).
The importance of CL in the structure and function of COX has been studied
extensively. The crystal structure of bovine heart COX shows two tightly bound CL
surrounding the catalytic core (Tsukihara et al., 1996). Work by Vik et al. showed that
COX contains two to three tightly bound CL molecules and work by Sedlak and
Robinson showed that there are at least two essential CL molecules necessary for optimal
activity (Vik et al., 1981; Sedlak and Robinson,, 1999; Sedlak et al., 2006). Additionally,
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the number of CL and their location were recently confirmed by molecular modeling
(Arnarez et al., 2013).
Upon the removal of these tightly bound CLs in bovine COX, the enzyme showed
a decrease in steady-state activity (Sedlak and Robinson, 1999). Additionally, accessory
subunits were more likely to dissociate upon the removal of the lipids (Sedlak and
Robinson, 1999). Recovery of the lost activity was specific to CL but not
phosphatidylcholine (PC) or phosphotidylethanolamine (PE), which means that the
decrease in activity resulted from the loss of CL and not from the dissociation of
accessory subunits (Sedlak and Robinson, 1999).
It has also been shown that CL is involved in the binding of cytochrome c to COX
and that losing the tightly bound CL results in the loss of the low affinity site (Vik et al.,
1981). It was proposed that the negatively charged CL aids in the docking of cytochrome
c to COX by forming electrostatic interactions with it, which govern the binding partners
(Zhen et al., 1999). Additionally, CL has been shown to be important in the activity of
cytochrome bc1, which confirms its necessity to bind cytochrome c (Schagger et al.,
1990; Fry and Green 1981).
Studies in bovine heart COX have shown that there are two high affinity and one
or two low affinity CL binding sites (Robinson et al., 1993). In 1996, Tsukihara et al.
were able to crystalize COX from bovine heart to show two CL bound near the catalytic
core (Tsukihara et al., 1996). It was proposed that the bound CL in the crystallized
structure of bovine heart COX acts as a proton antenna to facilitate proton uptake through
the D-channel, however, this was not confirmed (Sedlak et al., 2006; Sedlak and
Robinson, 1999).
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In conclusion, the loss of lipids results in reduced steady-state activity and in
suicide inactivation (Vik et al., 1981; Varanasi et al., 2006). These events indicate that the
lipids are involved in the regulation of structural flexibility at the active site of SUI,
which modulates activity.
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Specific Aims
Subunit III has been studied extensively in an effort to identify its role as a
conserved subunit of the catalytic core of COX. The hydrophobic characteristic, its
location and the affinity to lipids are unique to SUIII and are of importance for its impact
on the enzyme. This work is focused on studying the role of SUIII in proton uptake and
in the structural regulation of COX. It is hypothesized that SUIII is necessary for the
efficient functioning of COX because it houses part of a proton collecting antenna, which
increases proton uptake rates through the D-channel. Additionally, SUIII houses
interaction sites for phospholipids, which are important for regulating the dynamic
flexibility at the active site and, thus, regulating the activity of COX.
Specific Aim 1: To assess the Role of the N-Terminus of SUIII in Proton Uptake
Through the D-channel.
A loop at the n-terminus of SUIII contains three conserved histidine residues (3, 7
and 10), which are surface exposed and are in close proximity (~10 Å) to the mouth of
the D-channel, D132, in SUI. Histidine residues have the ability to bind protons and act
as a proton collecting antenna for rapid proton uptake through the D-channel in COX
(Sacks et al., 1998; Marantz et al., 2001). Therefore, SUIII is proposed to be essential for
maintaining efficient proton uptake at high pH by providing a proton antenna near the Dchannel (Wikstrom and Verkhovsky, 2011).
Accordingly, this aim was pursued by biophysically and biochemically
characterizing a triple histidine mutation in SUIII. The mutant enzyme lacks the
functional groups that could participate in the uptake of protons (H3Q, H7Q and H10Q).
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Electron transfer and proton translocating activities of the purified mutant enzyme were
tested to study this aim.
Specific Aim 2: To Ascertain the Role of Phospholipids Embedded within SUIII in
Optimal Structural Alterations for Efficient Electron Transfer Activity.
The phospholipids identified in the three dimensional structure of COX are not
directly involved in the electron transfer pathway or proton uptake channels. However,
removing the phospholipids causes the enzyme to undergo suicide inactivation (Varanasi
et al., 2006). Hence, it is proposed that the phospholipids are important for preserving the
structural integrity at the active site, which is necessary for optimal electron transfer
rates.
This specific aim was pursued by studying the biochemical and structural
characteristics of a delipidated form of the enzyme. The emission patterns of
fluorescently labeled phospholipids embedded in the delipidated COX were monitored.
Additionally, fluorescence resonance energy transfer between the labeled phospholipids
and fluorescently labeled cysteine residues in SUIII was utilized to monitor the
movement of phospholipids during enzymatic activity to deduce the role of phospholipid
motion during steady-state activity.
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II. MATERIALS AND METHODS

Bacterial Growth, Expression and Purification of Cytochrome c Oxidase
Cytochrome c oxidase was expressed in a strain of RBS, where the genomic COX
gene was deleted as previously reported (Zhen et al., 1998). The expressed COX gene
contains SUI with a poly-histidine tag on the n-terminus. A plasmid containing the mutant
histidine (H3Q, H7Q, H10Q) in SUIII was prepared in J. Hosler’s laboratory (University
of Mississippi) as in Bratton et al. (2003). Glycerol stocks containing 60 % RBS cells and
40 % of 40 % glycerol were made and stored at -80 °C. These stocks were used to
inoculate three mL Sistrom culture in the presence of 50 µg/mL spectinomycin, 50 µg/mL
streptomycin and 1 µg/mL tetracycline (Sistrom, 1962). Cells were grown under aerobic
and dark conditions at 32 °C while shaking at 275-280 RPM to an optical density of 1.01.2 for 24 hours as in Zhen et al. (1998). The three mL cultures were then used to
inoculate 100 mL cultures in 500 mL baffled flasks and after reaching stationary phase,
ten mL of the cells were used to inoculate 250 mL media in 1 L baffled flasks. After
growth, the cells were harvested by centrifugation at 11,300 x g and pellets were stored at
-80 °C.
Collected cells were resuspended and homogenized in 30 mM TRIS, 10 mM
EDTA, 10 mM MgCl2, 20 % glycerol, pH 8.0 using a C3 emulsiflex homogenizer at
~1500-2000 psi in the presence of 1 mM PMSF and 50 µg/mL DNase. The crude mixture
was centrifuged at 24,000 x g for 20 minutes at 4 °C to remove whole, unlysed cells. The
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supernatant was subjected to ultracentrifugation at 153,000 x g for 90 minutes at 4 °C in a
Beckman Optima LE-80K preparative ultracentrifuge. The resultant pellets were
resuspended in 50 mM potassium phosphate, 1 mM EDTA, pH 7.2 and were
ultracentrifuged again under the same conditions. The pellets from the second
ultracentrifugation were resuspended and stirred in 10 mM TRIS, 40 mM KCl and DM at
a final concentration of 2 % for 15 minutes at 4 °C and then centrifuged at 37,000 x g for
30 minutes. The resultant supernatant was transferred into a slurry of Ni+2-NTA beads
(Sigma-Aldrich) at 0.8 mL beads per mg COX; imidazole was also added to a final
concentration of 10 mM. The slurry was slowly rocked at 4 °C for one hour as described
in Hosler et al. (1992). Subsequently, the slurry was poured into a Bio-Rad glass econocolumn and allowed to pack for 15 min. Flow rates were controlled using a peristaltic
pump at 1 mL/min. The packed column was washed with ten column volumes of 10 mM
TRIS, pH 8.0, 10 mM imidazole, 0.1 % DM. COX was eluted from the column with 10
mM TRIS, pH 8.0, 100 mM histidine, and 0.1 % DM at a rate of 0.5 mL/min. Fractions
were collected, washed and concentrated by ultrafiltration using 10 mM TRIS, 40 mM
KCl, 0.05 % DM, pH 8.0 in Millipore YM-100 filters.
Concentration was determined spectrophotometrically by using the reduced minus
oxidized spectra (Δε606-630 = 28.9 mM-1cm-1) (Junemann et al., 1997). The enzyme was
oxidized using potassium ferricynide and then reduced using excess sodium dithionite;
spectra were taken using a Hewlett Packard UV/Visible diode array spectrophotometer.
The enzyme was analyzed for purity using SDS-PAGE, according to the Fuller protocol,
using a 5 % stacking- 16 % separating SDS polyacrylamide gel containing 6 M urea
(Fuller et al. 1981). 3-5 µg of COX were incubated in 2 % SDS at 37 °C for 30 minutes
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and then the gel was run at 60 V for 30 minutes followed by electrophoresis at 120 V for
three hours. Gels were stained with Coomassie blue and viewed using a Fuji LAS-3000
Imager.
Fast Protein Liquid Chromatography
Further COX purification was performed with ion exchange fast protein liquid
chromatography (FPLC) using DEAE-5PW (from TOSOH) as the resin as described in
Zhen et al. (1998). Cytochrome c oxidase eluted from Ni+2-NTA column was washed
with degassed 10 mM potassium phosphate buffer, pH 7.8, 0.1 % DM, 1 mM EDTA
(Buffer A) using Millipore YM-100 filters. A Tricon column (10 mm x 100 mm, GE
Healthcare) was used to slowly pack the resin. Flow rates and volumes were controlled
by a Pharmacia LKB FPLC system. The packed column was washed and equilibrated
with five column volumes of buffer A. Subsequently, five to ten mg of COX were loaded
manually onto the column, using a two mL sample loading loop, and then washed at a
rate of 1 mL/min with three times the column volume of buffer A. COX was eluted with a
step gradient of KCl (0-0.35 M) in 10 mM potassium phosphate, pH 7.8, 0.1 % DM, 1
mM EDTA at a rate of 0.5 mL/min in accordance to Figure 7. Fractions were collected
and analyzed by visible absorbance and SDS-PAGE. Fractions containing all three
subunits were combined, concentrated and washed using Millipore YM-100 filters with
10 mM TRIS, pH 8.0, 40 mM KCl (Zhen et al., 1998).
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Figure 7
Salt Gradient for FPLC Elution. Buffer A (10 mM potassium phosphate buffer, pH 7.8,
0.1 % DM) was mixed with buffer B (10 mM potassium phosphate buffer, pH 7.8, 0.1 %
DM, 1 mM EDTA, 2 M KCl) at a programmed ratio to get a final concentration that is
reported as the y-axis. This protocol was adopted from Zhen et al. (1998).
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Biochemical Depletion of Subunit III
Subunit III was removed using a modified method from Bratton et al. (1999).
Briefly, the purified enzyme was incubated in 20 mM TRIS, 150 mM KCl and Triton X100 at 100 mg per mg COX (~12%) for 30 minutes at 4 °C. The mixture was incubated
with Ni-NTA agarose beads for 30 minutes at 4 °C and subsequently loaded onto a 15 x
100 mm Bio-Rad glass econo-column. Bound COX was washed with five column
volumes of 10 mM TRIS, pH 8.0, 40 mM KCl, 0.1 % DM, to remove excess Triton-X
100. I-II oxidase was then eluted with 10 mM TRIS, pH 8.0, 100 mM histidine, and 0.1
% DM at a rate of 0.5 mL/min. COX fractions were collected and the procedure was
repeated to obtain near complete removal of SUIII. The eluted COX was washed and
concentrated as previously mentioned.
Two Dimensional Polyacrylamide Gel Electrophoresis
Seven µg of each sample were mixed in 20 % glycerol and loaded onto a 4-15 %
gradient TRIS-HCl polyacrylamide gel (precast mini-PROTEAN gels from Bio-Rad) at
pH 8.8. Electrophoresis was performed using a discontinuous buffer system in
accordance to Schagger and von Jagow (1991). The cathode buffer was 50 mM Tricine,
15 mM BIS-TRIS, pH 7.0, 0.002 % Serva Blue and the anode buffer was 50 mM BISTRIS-HCl, pH 7.0. The gel was run prior to loading the protein at 40 V for 30 minutes to
neutralize the pH of the gel. After loading the protein, the gel was run at 40 V for 30
minutes then at 80 V for 12-15 hours at 4 °C. The Serva Blue in the cathode buffer
stained the protein bands and allowed for visualization. Images were captured using a
Fuji LAS-3000 Imager. The intensity of the bands was quantified by measuring pixels per
unit area using Multi Gauge software.
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The resultant separated bands were cut, incubated in 2 % SDS for 30 minutes at
37 °C. They were transferred onto an SDS gel containing 6 M urea and secured with 1 %
agarose to identify subunit content of the native complexes occurring in solution (Fuller
et al., 1981). SDS-PAGE was run for 30 minutes at 60 V followed by four hours at 120 V.
The gels were then stained with silver stain. Gels were fixed in 7 % acetic acid for seven
minutes then in 50 % methanol for 20 min. The gels were then stained in a solution of 0.8
% sliver nitrate, 0.36 % sodium hydroxide, 0.2 M ammonium hydroxide for 15 minutes
and washed with water to remove excess silver nitrate. Bound silver was reduced in a
developing solution, which contained 0.005 % citric acid and 0.02 % formaldehyde, for
2-5 minutes and then washed with water to stop the reaction. The stained gels were
viewed using Fuji LAS-3000 Imager.
Steady-State Oxygen Reduction Activity and Suicide Inactivation
Electron transfer activity of the purified COX was measured polarographically
using a Clark-type oxygen electrode (Yellow Springs Instrument Company Model 17372)
in the appropriate buffer in the presence of 0.1 % DM, 20 µM cytochrome c (Type III),
17 mM ascorbic acid and 0.6 mM TMPD at 25 °C (Ferguson-Miller et al., 1978). TMPD
is able to increase the rate at which oxygen is reduced by a factor of 30 because it
eliminates the dependence of activity on the rate at which ferricytochrome c is released
from SUII (Kimelberg and Nicholls, 1969; Ferguson-Miller et al., 1978). Reduction of
oxygen was monitored for three minutes prior to the addition of COX for the autooxidation rates of cytochrome c. Oxygen reduction by COX was initiated by the addition
of 2-10 pmoles of COX and a decrease in oxygen concentration was monitored over time.
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Rates of electron transfer were calculated from the slope of the line and converted into
turnover numbers using four electrons per one oxygen molecule reduced.
The pH dependence of oxygen reduction was measured in the appropriate buffer
(25 mM MES for pH 6.5, 25 mM HEPES for pH 7.0-8.5 and 25 mM CHES for 9.0-10.0)
in the presence of 0.1 % DM and at a constant ionic strength (I = 100 mM, adjusted with
1 M KCl according to recipes generated from www.liv.ac.uk/buffers/buffercalc.html).
The effect of zinc on activity was studied by incubating the enzyme with 200 µM
ZnSO4 for 15-30 minutes and measuring steady-state oxygen reduction activity in 50 mM
potassium phosphate, 0.05 % DM, pH 7.4 in the presence of 200 µM ZnSO4.
Suicide inactivation was measured in terms of CC50, or half the number of
catalytic turnovers the enzyme goes through before irreversible inactivation. The enzyme
was allowed to reduce oxygen under conditions of excess reducing agents until it reached
a state where the slope of the line was parallel to that of the background (15-30 minutes),
a point at which the enzyme is 100 % inactive. A straight line was drawn between the
point at which 50 % of the enzyme is inactive and an equivalent point on the background
trace; the length of this line was used to calculate the number of catalytic cycles, CC50
(Bratton et al., 1999). Recovery from suicide inactivation was measured in the presence
of 1 mg/mL asolectin, a mixture of phospholipids from soybean (Sigma-Aldrich).

Steady-State Peroxidase Activity
Cytochrome c peroxidase activity was measured spectrophotometrically at 550
nm, as the rate of ferrocytochrome c oxidation as monitored with a Hewlett Packard
UV/Visible diode array spectrophotometer over time. The concentration of hydrogen
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peroxide was determined at 240 nm using ε240 = 40 mM cm-1 (Nelson and Kiesow, 1972).
The reduction of 25 mM hydrogen peroxide in the presence of 5 µM ferrocytochrome c
(Type IV) was initiated by the addition of 1 nM COX in 25 mM CHES, 0.1 % DM, pH
10.0 (Riegler et al., 2005; Cvetkov, 2010).
Changes in the absorbance of cytochrome c were monitored at 550 nm in the
absence of COX for two minutes as the background; subsequently, COX was added and
allowed to oxidize cytochrome c for five minutes. Rates were calculated as the slope of
the initial decrease in absorbance when COX was added and background was subtracted.
Change in absorbance per second was converted into units of cytochrome c oxidized per
second by using the molar extinction coefficient of reduced cytochrome c at 550 nm, ε550
= 29.5 mM-1cm-1 (van Gelder and Slater, 1962).
Steady-State Catalase Activity
Steady-state catalase activity of 0.25 µM COX was measured polarographically
using a Clark-type oxygen electrode in the presence of excess hydrogen peroxide (0-25
mM) and 1 mg/mL asolectin, to prevent oxidative damage to the enzyme, in high pH
buffer (50 mM glycine pH 9.0, 0.1 % DM) or low pH buffer (50 mM MES pH 6.5 0.1 %
DM) (von der Hocht et al., 2011). Rates were calculated as the slope of the initial
increase in oxygen concentration, in terms of moles oxygen produced per unit time.
Characteristic optical absorbance of 0.25 µM COX in the presence of 12.5 mM hydrogen
peroxide was also studied using a Hewlett Packard UV/Visible diode array
spectrophotometer in the Soret (420-445 nm) and alpha regions (580-610 nm) to identify
any catalytic intermediates formed.
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Heme a Reduction Level
Heme a reduction levels of 0.3 µM COX were monitored spectrophotometrically
at 444-460 nm and 604-650 nm in the presence of 1 mM ascorbate and 100 µM TMPD in
25 mM CHES, pH 9.5, 0.1 % DM at constant ionic strength (I = 100mM). Spectra were
initially recorded for the oxidized species, and subsequently, reducing agents were added
to initiate steady-state turnover activity. Absorbance changes were monitored for five
minutes, with spectra recorded every 15 seconds, and then the enzyme was fully reduced
using sodium dithionite. Data were normalized to the absorbance of the fully reduced
enzyme after subtracting the contribution of the oxidized heme for comparison.
Additionally, data were corrected for baseline in the alpha region. Heme reduction was
calculated as the ratio of the absorbance five minutes after steady-state activity was
initiated as compared to the fully reduced state (Riegler et al., 2005; Hiser et al., 2013).
The formation of the oxoferryl intermediates was also monitored at 439 nm, with
414 nm as the background, over time during steady-state activity (von der Hocht et al.,
2011). Changes in absorbance were plotted as a function of time and points were fitted
with a single exponential rise to maximum equation using Sigma Plot. Rates were
converted into units of concentration of intermediate formed per second by using a
known extinction coefficient at 439-414, ε439-414 = 50.7 mM-1cm-1 to get rates at which
intermediates are accumulating during steady-state activity (Junemann et al., 1997).
Proton Pumping
COX was pre-incubated with three mg Triton-X 100 per mg COX for 15 minutes
at 4 °C. Asolectin (phosphotidylcholine from Sigma-Aldrich) at 40 mg/mL was sonicated
in 100 mM HEPES, pH 7.2, and 2.5 % cholate at 4 °C until the solution was clear using a
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Branson Sonifier 250 at 50 % duty cycle and 50 % power output, and then the mixture
was centrifuged at 20,000 x g for ten minutes to remove metals produced from
sonication. The pre-incubated enzyme at 4 µM was mixed with the sonicated asolectin
and the mixture was transferred to a Slide-a-Lyzer dialysis cassette with a 10 kDa
molecular weight cutoff (Pierce) and dialyzed in several steps. The mixture was dialyzed
against 100 mM HEPES, pH 7.2 for three hours, followed by a three hour dialysis against
10 mM HEPES, pH 7.2, 50 mM sucrose, 50 mM KCl, then six hours in 1 mM HEPES,
pH 7.2, 50 mM sucrose, 50 mM KCl and finally, dialysis was performed against 50 µM
HEPES, pH 7.2, 50 mM sucrose, 50 mM KCl for a minimum of 12 hours at 4 °C to
remove excess detergent (Cvetkov and Prochaska, 2007). COX was retrieved from the
cassettes after dialysis and concentration was measured by visible absorbance using a
Hewlett Packard UV/Visible diode array spectrophotometer.
Proton pumping was measured using an SX.18MV Applied Photophysics
stopped-flow spectrophotometer at 558 nm (isosbestic point for cytochrome c) in the
presence of 100 µM phenol red as a pH indicator dye. The reaction was initiated by
rapidly mixing 2 µM ferrocytochrome c (Type IV, Sigma-Aldrich) with 0.1 µM COX in
50 µM HEPES, 50 mM sucrose, 50 mM KCl, pH 7.4 (five turnovers). To measure proton
pumping efficiency, absorbance changes of phenol red were measured over time in the
presence of 5 µM valinomycin (controlled conditions) or in the presence of both 5 µM
valinomycin and 5 µM CCCP (uncontrolled condition). Traces were corrected for
absorbance changes resulting from liposomes in the absence of COX. The respiratory
control ratio (RCR), which is an indicator of the permeability of the liposomes, and the
electron transfer activity rates were measured as described previously using a Clark-type
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oxygen electrode at 25 °C (Cvetkov and Prochaska, 2007). Activity was measured in the
absence and presence of ionophores. The ratio of activity rates under uncoupling
conditions to that under controlled conditions describes the permeability of liposomes;
the higher the RCR, the less permeable the vesicles (Cvetkov and Prochaska, 2007).
Removal of Phospholipids
Nickel column-purified cytochrome c oxidase was incubated with equimolar
amounts of phospholipase A2 (from honey bee venom provided from Sigma-Aldrich) in
20 mM MOPS, pH 7.2, 10 mM CaCl2, 10 % glycerol, in the presence of 1 mg DM per mg
COX. The reaction continued for three hours at 4 °C and was quenched with 50 mM
EDTA (Sedlak et al., 2006). The delipidated enzyme was diluted with 5 mM potassium
phosphate, pH 8.0, 0.1 % DM for further purification.

Cytochrome c Affinity Chromatography
Cyanogen Bromide-activated Sepharose 4B (Sigma-Aldrich) was used to prepare
a cytochrome c affinity column (Weiss and Juchs, 1978). Ten grams of the matrix were
swelled in 60 mL of 0.1 M NaHCO3, pH 8.0, 0.5 M NaCl for 15 minutes at 25 °C. The
beads were washed with 200 mL of 1 mM HCl on a glass filter. To partially hydrolyze
the active group, 100 mL of 0.1 M NaHCO3, pH 8.3, were added to the beads and
incubated at 25 °C for 4 hours. 50 mg of cytochrome c type III (Sigma-Aldrich) were
solubilized in 50 mL 0.1 M NaHCO3, pH 8.0, 0.5 M NaCl, and incubated with the beads
for 2 hours at 25 °C. Unbound cytochrome c was washed with 100 mL of 0.1 M
NaHCO3, pH 8.0, 0.5 M NaCl. To block remaining reactive groups, the beads were
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incubated for 1 hour at 4 °C with 200 mL of 1 M ethanolamine-HCl, pH 8.0. The beads
were washed with 100 mL of 0.1 M sodium acetate, pH 4.0, 1 M NaCl and then with 100
mL of 20 mM potassium phosphate, pH 8.0, 1 M NaCl. The beads were poured into a
Bio-Rad glass econo-column and washed with 50 mL of 5 mM potassium phosphate 8.0,
0.1 % DM. Cytochrome c was reduced by incubation with 50 mL of 5 mM potassium
phosphate, pH 8.0, 0.1 % DM, 5 mM ascorbate for 30 minutes then ascorbate was
washed with 25 mL of 5 mM potassium phosphate, pH 8.0, 0.1 % DM.
3-5 mg of COX were diluted with 10 mL of 5 mM potassium phosphate, pH 8.0,
0.1 % DM and loaded onto the pre-washed column to incubate for one hour at 4 °C. The
column was washed with 50 mL of 5 mM potassium phosphate, pH 8.0, 0.1 % DM and
the enzyme was eluted with 5 mM potassium phosphate, pH 8.0, 0.05 % DM, 50 mM
NaCl. Fractions were collected; those containing COX were combined, concentrated and
washed with 10 mM TRIS pH 8.0, 40 mM KCl. Absorbance and SDS-PAGE were
performed to check absorbance characteristics and purity.

Measurement of Phospholipid Content
Purified samples were incubated with 10 mM EDTA for 15 minutes and then
washed with 10 mM TRIS, 40 mM KCl with metal-free water to a final concentration of
< 1 µM EDTA using Millipore YM-100 filters. Concentration was measured spectrally
and 65 µg of COX were diluted with three mL metal-free water. Eight standards of iron,
copper and phosphorous were prepared at concentrations ranging 0-75 µg/L in 2 % nitric
acid. Samples were analyzed using an Elan 9000 inductively coupled plasma-mass
spectrometer and the concentration of phosphorous in the samples was intrapolated using
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an equation of the line fitting the standards. Iron and copper were used as internal
standards and data were reported as the number of moles of phosphorous per three moles
copper.

Time Dependence of Limited Proteolysis of WT and Delipidated COX with αChymotrypsin
α-chymotrypsin treated with TLCK was obtained from Worthington at 94 %
purity. COX was treated with chymotrypsin at a 10:1 COX: chymotrypsin weight ratio
for up to five hours in 20 mM TRIS, pH 8.0 at 25 °C. The digestion reaction was stopped
at each time point with 1 mM PMSF. The digested enzyme was incubated with 2 % SDS
at 37 °C for 30 minutes and then loaded onto a 5 % stacking- 16 % separating SDS
polyacrylamide gel containing 6 M urea (Fuller et al., 1981). The gel was run at 60 V for
30 minutes then at 120 V for three hours and stained with Coomassie blue. Gels were
viewed using a Fuji LAS-3000 Imager and the staining intensity of SUI was measured
using Multi Gauge. Intensity of SUI was plotted as a function of digestion time.

Recovery of Oxygen Reduction Activity of the Delipidated COX
Oxygen reduction activity was measured in the presence of a variety of lipid
ligands to test for the recovery of steady-state activity. Lipids were purchased from
Avanti Polar Lipids in either a 10 mg/mL chloroform stock or in the solid form. Hamilton
glass micro syringes were used to transfer the lipid solution. Chloroform was evaporated
under argon. Lipids were resolubilized in a solution of 50 mM potassium phosphate, pH
7.4, 0.1 % DM and sonicated until clarity at 4 °C. A stock of 2 µM COX was made with
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each of the lipid ligands to incubate for at least 15 minutes. Activity was measured using
a Clark-type oxygen electrode as reported previously using 2-5 pmole COX. Table I lists
the ligands used for this study and the range of concentrations at which they were used.

Ligand Binding at the Binuclear Center
The kinetic interaction of cyanide, azide and formate to COX and their
dissociation constants were reported by measuring the inhibition of oxygen reduction
activity on the oxygen electrode or by monitoring shifts in heme absorbance as a function
of inhibitor concentration, respectively. All assays were performed in 50 mM potassium
phosphate, pH 7.4, 0.1 % DM, at 25 °C.
Cyanide dissociation constant was measured by monitoring changes in the Soret
peak (420-435 nm) as a function of cyanide concentration. 0.25 µM COX was used and
potassium cyanide was titrated to a final concentration of 50 mM. At each concentration,
cyanide was allowed to stir with COX for three minutes to reach equilibrium, and
absorbance was recorded at each concentration. Shift in Soret peak maximum was plotted
as a function of cyanide concentration and data were fitted with a sigmoidal curve using
Sigma Plot. The kinetic interaction of cyanide with COX was also measured using a
Clark-type oxygen electrode in the presence of 20 µM cytochrome c, 17 mM ascorbic
acid, 0.6 mM TMPD and cyanide at 0-10 µM. Background was recorded in the presence
of cyanide and reducing agents, and then 4-8 pmole of COX were added to initiate
oxygen reduction activity.
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Table I
List of Lipid Ligands and Corresponding Concentration Used to Study Steady-State
Activity of COX.

Description (Fatty Acid chain length: Saturation)
Phosphatidylethanolamine (18:1)
Phosphatidylcholine (18:1)
Phosphatidylglycerol (18:1)
Phosphatidic acid (18:1)
Cardiolipin (18:1)
Arachidonic Acid (20:4)
Oleic Acid (18:1)
Stearic Acid (18:0)
Lauric Acid
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Concentration, µM
0-500
0-500
0-500
500
0-500
0-500
0-500
0-500
500

The decrease in turnover number was plotted as a function of potassium cyanide
and points were fitted with a two binding site inhibition equation using Sigma Plot.
Similarly, dissociation constants were measured for sodium azide using 0-50 mM and
formic acid at 0-100 mM in 50 mM potassium phosphate, pH 7.4, 0.1 % DM in the
presence of 0.25 µM COX. Points for azide were fitted with a hyperbolic curve.
However, data for formate binding did not fit any binding curves.

Steady-State of Cytochrome c Interaction with WT and Delipidated COX
The kinetic interaction of cytochrome c with COX was measured using a Clarktype oxygen electrode in accordance with Hiser et al. (2001) at 25 °C. Activity was
measured in 25 mM TRIS-acetate, pH 7.8, 0.1 % DM, in the presence of 17 mM ascorbic
acid and 0.6 mM TMPD; cytochrome c was added to a final of 0-10 µM. Background
was measured for three minutes in the presence of cytochrome c for auto-oxidation rates
followed by the addition of 4-8 pmoles COX. Oxygen was allowed to be reduced over
time and the rate was calculated as the slope of the initial rate. The kinetics of
cytochrome c interaction with the enzyme incubated with 500 µM cardiolipin was also
measured. Kinetic binding affinities were calculated using the Eadie-Hofstee equation,
fitting to either one or two binding sites.

Labeling with IAEDANS
Cytochrome c oxidase was incubated with IAEDANS at a molar ratio of 1:10
COX: IAEDANS in 20 mM HEPES, pH 8.0, 0.1 % DM for one hour, at room
temperature and in the dark (Hall et al., 1988). The reaction was quenched with 100 fold
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molar excess of dithiothreitol. The reaction was then diluted with 20 mM HEPES, pH
8.0, and concentrated by ultrafiltration to remove unbound IAEDANS and excess
dithiothreitol. To oxidize the enzyme, the reaction was incubated with 50 mM potassium
ferricyanide for five minutes and then washed and concentrated with 20 mM HEPES, pH
8.0, using Millipore YM-100 filters. To find binding stoichiometry of reacted IAEDANS,
absorbance at 336 nm (ε336 = 5.7 mM-1 for IAEDANS, Hudson and Weber, 1973) was
measured using a Hewlett Packard UV/Visible diode array spectrophotometer and the
contribution of the enzyme in the oxidized state at 336 nm in the absence of IAEDANS
was subtracted (ε336 = 44 mM-1 for COX). The ratio of IAEDANS to COX was calculated
to give the number of moles of IAEDANS reacted per mole COX in accordance with the
following equation 4:
𝑀𝑜𝑙𝑎𝑟  𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦 =

(!!!"   /  !!!",!"#$"%& )!"#$%$&  !"#
(!"!"!!!"#   !"#$%$&  !"# )/!

−   

(!!!"   /  !!!".!"# )!"#$%&#&'  !"#
(!"!"#!!"# !"#$%&#&'  !"# )/!

(eqn. 4)

SDS-PAGE was used to test the specificity of labeling to SUIII. Gels were run
using the Fuller method and then viewed under UV light at 312 nm using a Fuji LAS3000 Imager. Gels were subsequently stained with Coomassie stain and viewed under
visible light.

Fluorescence Anisotropy
COX labeled with IAEDANS (1 µM) in 20 mM HEPES, pH 8.0, 0.1 % DM, was
excited with a vertically polarized light using a xenon lamp at 336 nm using an ISS PC1
spectrofluorimeter at 20 °C; the vertically and horizontally polarized emissions were
monitored at 470 nm. Anisotropy was calculated according to equation 5 (Jahing, 1979):
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(eqn. 5)
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Where IVH is the intensity with vertically polarized excitation and horizontally
polarized emission and IVV is the intensity with vertically polarized excitation and
emission. Anisotropy was used to estimate the ratio of the rotational relaxation time in
accordance with Perrin equation (Jahnig, 1979), equation 6:
!!
!

!

= (1 + !)

(eqn. 6)

Where τ is the fluorescence lifetime and ρ is rotational relaxation time (Jahnig,
1979).

Förster Resonance Energy Transfer (FRET)
TopFluor labeled cardiolipin (TFCL) (1,1',2,2'-tetraoleoyl cardiolipin [4(dipyrrometheneboron difluoride) butanoyl] (ammonium salt)) (Avanti Polar Lipids) was
purchased as a solution of 10 mg/mL in chloroform. Chloroform was dried using Argon
gas, then resolubilized to the desired concentration in 50 mM potassium phosphate, pH
7.4, 50 µM DM, using a probe sonicator at 50 % amplitude in 20 second bursts for five
minutes at 4 °C.
Förster resonance energy transfer from IAEDANS-labeled COX (donor, ex. 336
nm and em. 470 nm) to TFCL (acceptor, ex. 490 nm and em. 505 nm) was measured
using an ISS PC1 spectrofluorimeter using a xenon lamp with 1 mm excitation and
emission slits. Measurements were done at 20 °C while stirring. Emission of the acceptor
at 505 nm was monitored over time when the donor was excited at 336 nm. Starting with
COX at 0.5 µM in 50 mM potassium phosphate, pH 7.4, and 50 µM DM, TFCL at 1 µM
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was added and energy transfer was monitored as a function of time with one second time
resolution. Data points were fitted to exponential curves with one or two rates using
Sigma Plot. Additionally, anisotropy of the energy transfer was measured as an indicator
of acquired motion in the lipids as previously mentioned. FRET was measured using the
oxidized enzyme and it was also measured when the mixture was titrated with ascorbate
at a concentration of 0-40 mM, which acts as an electron source to induce slow oxygen
reduction activity.
The efficiency of energy transfer was calculated using equation 7. The
dependence of FRET efficiency on distance was measured using equation 8 (Wu and
Brand, 1994):
𝐸!"#$ = 1 −

!!"

(eqn. 7)

!!

!!

𝐸!"#$ = (!! !! ! )

(eqn. 8)

Where FDA is the emission of the acceptor at 505 nm in the presence of the donor,
and FD is the fluorescence of the donor in the absence of the acceptor. In equation 8, R is
the Förster radius, defined as the distance at which there is fifty percent energy transfer
efficiency. This distance can be calculated in units of Å from equation 9 (Wu and Brand,
1994):
𝑅 = 9.78𝑒 !   (𝜂!!   𝑥  𝑓!   𝑥  𝐽)

!

!

(eqn. 9)

Where η is the refractive index, assumed to be 1.43 in a solution of 0.1 % DM
(Strop and Brunger, 2005), fd is the fluorescence quantum yield of the donor in the
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absence of the acceptor (0.94, Johnson et al., 1991) and J is the spectral overlap integral.
Additionally, the dipole angular orientation factor is assumed to be at 2/3 for dynamic
motion of the donor and the acceptor (Wu and Brand, 1994). The spectral overlap J was
calculated in accordance to equation 10 (Wu and Brand, 1994):
𝐽=

𝐸! (𝜆)𝜀! (𝜆)𝜆! 𝑑𝜆

(eqn. 10)

Where ED is the maximum normalized emission of the donor (D) and εA is the
extinction coefficient of the acceptor at each wavelength (λ).
Equations 7 and 8 were equated to each other to calculate r, the average distance
separating the donor and the acceptor.
For these calculations, the observed fluorescence was corrected for the inner filter
effect (IFE) following Palmier and Van Doren, 2007, shown in equation 11.
𝐹!"# = 𝐹!"# 𝐼𝐹𝐸

(eqn. 11)

Where 𝐹!"# is the observed fluorescence and 𝐹!"# is the inner filter effectcorrected fluorescence. IFE is calculated using equation 11, which accounts for the
extinction coefficient of the donor at the excitation and emission wavelengths  𝜀!" ,   𝜀!" ,
respectively (Palmier and Van Doren, 2007), shown in equation 12.
𝐼𝐹𝐸 =    10 !!" !  !!"

!" !

(eqn. 12)

For all the reported results, experiments were performed a minimum of three
times and the average with standard deviations are reported, unless otherwise noted.
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III. RESULTS

Part One: The Role of the N-Terminus of Subunit III in Proton Uptake in
Cytochrome c Oxidase of Rhodobacter sphaeroides
The kinetics of proton utilization for oxygen reduction and proton pumping in
COX are much faster than rates of proton diffusion in water. Thus, it has been suggested
that COX contains special conserved amino acid residues, clustered to form a protoncollecting antenna, which can facilitate rapid proton transfer to D132 in SUI to account
for the fast kinetics (Alnajjar et al., 2014).
A proton-collecting antenna has the ability to reserve protons for immediate
utilization and to buffer against small changes in the pH of the surrounding environment
(Sacks et al., 1998; Haltia et al., 1994). Antennae are typically characterized by their
location, pKa, conservation and surrounding groups (Sacks et al., 1998; Haltia et al.,
1994). The n-terminus of SUIII of COX contains three histidine residues (3, 7 and 10),
which have a physiologically relevant pKa, are conserved across species, surface-exposed
and are in the proximity (∼10 Å) of the mouth of the D-channel, D132 (Alnajjar et al.,
2014). Therefore, these residues could act as a proton-collecting antenna to facilitate the
uptake of protons into the D-channel (Mills et al., 2003; Gilderson et al., 2003). These
residues are expected to contribute to the high buffering capacity of the N-side of the
enzyme as determined previously by fluorescence studies (Sacks et al., 1998; Kirchberg
et al., 2013). The properties of these histidine residues allow them to buffer against small
changes in the pH of the surrounding environment, which makes proton uptake rates and,
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thus, steady-state oxygen reduction activity, independent of these of changes (Alnajjar et
al., 2014).
An altered form of COX, where histidine 3, 7 and 10 of SUIII were mutated to
glutamine, was expressed in Rhodobacter sphaeroides. The mutant enzyme (TM) was
purified and analyzed for proton uptake, electron transfer and proton pumping activities
(Alnajjar et al., 2014).
Limited molecular modeling of the mutations, which identifies the structure of the
mutant with the lowest possible potential energy, showed no significant structural effect
on the surrounding region of the mutation (Figure 8). Therefore, the functional effects of
the mutation do not attribute to immediate structural alterations (Alnajjar et al., 2014).
Purification of the Triple Histidine Mutant
Histidine-tagged WT and TM COX were purified using nickel affinity
chromatography. Approximately one-half of the purified mutant enzyme lost SUIII. This
ratio was quantified from the Serva Blue staining of bands 1 and 2 of Figure 9A,
containing the full complex (SUI, II and III) and I-II oxidase, respectively, which resulted
from separation by Blue Native gel electrophoresis (Figure 9A and B) (Alnajjar et al.,
2014). Additionally, the mutation caused free SUIa to accumulate in the membrane
preparation (Figure 9A, band 3), which co-purifies with the rest of the enzyme. SUIa has
been shown previously to contain a non-reducible form of heme a; therefore, it does not
affect the functionality of the enzyme (Bratton et al., 2000).
Accordingly, histidines 3, 7 and 10 are important for the association between SUI
and SUIII. Additionally, these histidine residues may become important for the correct
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Figure 8
Three Dimensional Model of the TM in the N-terminus of Subunit III of COX from
RBS. (A) SUI in yellow contains heme a and a3 (Blue), CuB (Cyan sphere), SUII in Red
contains a bimolecular CuA center (Cyan spheres) and SUIII in Green contains
phosphatidylethanolamine molecules (Magenta) and SUIV is shown in Black. The three
mutated histidine residues (Orange), shown at the n-terminus of SUIII, are each located
within 12 Å away from D132 (Lime Green), the initial proton acceptor of the D-channel
in SUI. Coordinates from the three dimensional structure of the crystallized WT COX
(PDB 1M56 from Svensson-Ek et al. (2002) were used in Swiss protein data bank viewer
(SPDBV) to model the mutation. The area located within 15 Å of histidine 10 was
selected and energy minimization was performed under steepest descent conditions with
2000 iterations. The mutated structure showed no significant differences from WT. (B) A
close up showing the proximity of H3, 7, 10Q mutation (Orange) to D132 (Lime Green).
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Figure 9
Gel Electrophoresis of Nickel Purified and FPLC Purified WT and TM COX. Panel
A shows the first dimension native gel (4-15 % TRIS-HCl polyacrylamide gel, pH 8.8),
where lane 1 is the nickel purified TM and lane 2 is WT. The second dimension (Panel B)
was run under SDS-denaturing conditions. Each lane in the second dimension is
corresponding to the respective number-labeled band in the first dimension (Panel A).
Lanes 1, 2 and 3 are bands from the TM and lane 4 is from WT. Panel c shows the SDSPAGE comparing Ni+2 purified WT (lane 1), FPLC pure WT (lane 2), Ni+2 pure TM (lane
3), FPLC pure TM (lane 4), and Ni+2 pure I-II oxidase (lane 5). The double band for SUII
shown in panels B and C is as a result of post-translational proteolytic processing, which
cleaves 25 amino acids in the n-terminus and 15 amino acids in the c-terminus as has
been shown in Distler et al. (2004).
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and efficient assembly of the enzyme, including the proper loading of the binuclear center
into SUI.
FPLC was further used to isolate the mutant enzyme complex containing SUI, II
and III. The nickel purified WT and mutant enzymes were further chromatographed on an
anion-exchange column using FPLC. Fractions containing all three subunits were
identified by SDS-PAGE and were collected for both the WT and the TM as shown in
Figures 10 and 11 respectively. Fractions of TM COX containing SUIII were pooled with
a total yield of 50 % as compared to the WT (per gram of wet weight of cells), which
confirms the native gel results shown in Figure 9A. The elution profiles of the mutant and
WT show that the mutation did not affect the binding of the enzyme to the column,
although there were more fractions containing impurities as shown by SDS-PAGE in
Figure 11A. Additionally, there was a higher percent of I-II in the TM preparation as
shown in Figure 11B, and thus, a lower percent yield. WT and TM COX fractions
underlined in Figures 10 and 11C, respectively, were combined to eliminate any
impurities and to ensure that I-II oxidase does not contribute to the functional assays.
The ability of the mutant to retain SUIII after FPLC was confirmed by SDSPAGE as shown in lane 4 for FPLC pure TM and lane 2 for WT in Figure 9C. The
staining intensities of SUIII to SUII were used to estimate the relative SUIII content in
each preparation. Figure 9C shows the FPLC purified mutant retains SUIII (Lane 2 and 4
for the FPLC purified WT and TM, respectively). Additionally, the staining intensities of
SUI to SUII in Figure 9C were used to show that the amount of co-purified SUIa
decreased upon FPLC purification, which was eluted in the early fractions (data not
shown).
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Figure 10
FPLC Elution Profile and SDS-PAGE of WT FPLC Fractionation. Five µg of
Nickel-purified WT COX were washed in 10 mM potassium phosphate, pH 7.8, I mM
EDTA, 0.1 % DM (Buffer A) and concentrated to a volume of two mL. A two mL loading
loop was used to load the enzyme onto the column, which was pre-equilibrated with
Buffer A. The loaded column was washed with three column volumes of Buffer A and
eluted with a salt gradient, represented as the blue line. Fractions were collected in 1.5
mL Eppendorf tubes at 0.8 mL volume. Each fraction was tested for visible light
absorbance at 427-630 (Black trace) and 605-630 nm (Green trace) using a Hewlett
Packard UV/Visible diode array spectrophotometer. Fractions were also checked for
subunit composition by incubating five µL of each fraction in SDS at 37 °C for 30
minutes and then running an SDS-PAGE. Gels shown were silver stained and viewed
using a Fuji LAS-300 Imager.
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Figure 11
FPLC Elution Profile and SDS-PAGE of TM FPLC Fractionation. Five µg of Nickelpurified TM COX were washed in 10 mM potassium phosphate, pH 7.8, I mM EDTA,
0.1 % DM (Buffer A) and concentrated to a volume of two mL. A two mL loading loop
was used to load the enzyme onto the column, which was pre-equilibrated with Buffer A.
The loaded column was washed with three column volumes of Buffer A and eluted with a
salt gradient, represented as the blue line. Fractions were collected in 1.5 mL Eppendorf
tubes at 0.8 mL volume. Each fraction was tested for visible light absorbance at 427-630
(Black trace) and 605-630 nm (Green trace) using a Hewlett Packard UV/Visible diode
array spectrophotometer. Fractions were also checked for subunit composition by
incubating five µL of each fraction in SDS at 37 °C for 30 minutes and then running an
SDS-PAGE. Gels shown were silver stained and viewed using a Fuji LAS-300 Imager. A,
B and C show SDS-PAGE of each of the fractions from the eluted enzyme.
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Steady-State O2 Reduction Activity and pH Dependence
Activities of the nickel-purified WT and mutant COX are listed in Table II.
Maximum rates of oxygen reduction activities were 40 % slower in the mutant as
compared to WT at pH 7.0. When the mutant enzyme was incubated with an exogenous
source of lipids, asolectin, activity was recovered to that of the WT. This phenomenon
also occurs when the enzyme is incubated with arachidonic acid; activity increases 1.5
fold. These lipids may provide an alternative group for proton donation other than the
histidine residues. The lipids can possibly act to stabilize the structure and may act as an
oxygen sink to increase the local concentration of oxygen. This makes the electron
transfer activity independent of oxygen diffusion and proton uptake rates (Michel et al.,
1998; Hofacker and Schulten, 1998).
Furthermore, Table II shows that WT COX exhibits a similar increase in activity
in the presence of asolectin. During COX extraction from membranes by detergent,
essential lipids can be lost in the process (Qin et al., 2006). This loss of lipids can cause a
decrease in activity (Vik and Capaldi, 1977). The increase in WT activity upon the
addition of asolectin could be resulting from the exogenous lipids compensating for the
lost lipids; thus, it is possible the activation seen in mutant is as a result of the same effect
as WT (Qin et al., 2006).
Upon purification by FPLC, the mutant enzyme exhibited a 40 % reduction in
steady-state activity as compared to the FPLC-purified WT. The pH dependence of
electron transfer activity of FPLC-purified mutant COX was compared to that of the
FPLC-purified WT COX (Figure 12). The mutant exhibited a similar pH dependence of
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Table II
Steady-State Activity and Suicide Inactivation of Ni-Purified WT and TM COX in
the Presence and Absence of Asolectin.

a

Activity
Activity + asolectin b
Activity + arachidonic acid c
CC50
CC50 + asolectin

Ni-purified WT
1260±60
1900±70
1400±60
60000±5000
3x108

a

Ni-purified TM
720±30
1260±30
1280±170
33000±800
68000±3000

Activity and suicide inactivation (CC50) were measured in 25 mM HEPES pH 7.0,
0.1% DM using a Clark type oxygen electron in the presence of 20 µM cytochrome c, 14
mM ascorbic acid, 0.6 mM TMPD. Activity was initiated by the addition of 2 pmole
COX.
b

Asolectin was used at 1 mg/mL by sonication.

c

Arachidonic acid was used at 250 µM.
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oxygen reduction activity as WT, particularly at low pH, with a modeled pKa of 8.9 ± 0.1
for WT and 8.7 ± 0.2 for TM (Figure 12). The small difference in pKa values signifies a
larger effect of the mutation at higher pH values. These data indicate that the histidine
mutations are slowing proton uptake, however, the rate is still faster than the rate limiting
step in proton uptake at low pH (Alnajjar et al., 2014). Activity at pH < 8.5 has a high
percent contribution to the fitted pKa. Therefore, the pKa of steady-state activity did not
significantly change as a result of the mutations. In contrast, steady-state activity of I-II
oxidase exhibited a pKa of 7.3 ± 0.4, due to the altered pH dependence of D-channel
proton uptake in the absence of SUIII (Gilderson et al., 2003; Mills and Ferguson-Miller,
2002). In addition to containing the potential proton antenna, SUIII has been proposed to
have a variety of different roles that indirectly affect proton uptake, electron transfer and
proton pumping (Prochaska et al., 1981; Prochaska and Fink, 1987; Prochaska and
Reynolds, 1986; Ogunjimi et al., 2000; Bratton et al., 1999; Mills et al., 2003).
Additionally, it has been shown that the presence of zinc slows the proton uptake
reaction in COX; thereby, decreasing steady-state activity possibly by coordinating with
residues on the N-side (cytoplasmic side) of the enzyme (Mills et al., 2003; Qin et al.,
2007; Aagaard and Brzezinski, 2001). The activity of the mutant in the presence of 200
µM ZnSO4 did not change significantly, whereas the WT exhibited a 30 % decrease in
activity in the presence of zinc (Table III). This insensitivity of the mutant to zinc was
also observed in I-II oxidase. This confirms that in the absence of these residues, zinc is
unable to inhibit activity and that either all three of the histidine residues or any
combination are necessary for the coordination of zinc to inhibit the activity of
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Figure 12
pH Dependence of Electron Transfer Activity of WT, TM and I-II COX. pH
dependence of electron transfer activity plotted as fractional maximal activity. Data
points were fitted with a single pKa, 3-parameter sigmoidal equation, in Sigma Plot,
giving apparent pKa values of 8.85±0.1, 8.67±0.19, and of 7.29±0.35 for WT (Filled
circle), TM (Empty circle) and I-II oxidase (inverted triangle), respectively. These fits
had R2 values of 0.9962, 0.9915 and 0.9861 for WT, Tm and I-II oxidase, respectively.
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Table III
Effect of Zinc Binding on Steady-State Oxygen Reduction Activity of WT, TM and
I-II Oxidase.

Activity a
Activity +Zn b

WT

TM

I-II Oxidase

1200±10
830±70*

700±30*
620±10*#

500±20
450±15

a

Oxygen reduction activity was measured in 50 mM potassium phosphate, pH 7.4 in the
presence of 0.05% DM. Units are expressed in terms of electrons transferred per second.
b

Activity was measured in the presence of 200 µM ZnSO4.

* Significant with P < 0.001 as compared to untreated WT.
# Significant with P = 0.012 as compared to untreated TM.
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cytochrome c oxidase (Francia et al., 2007; Muramoto et al., 2007; Konstantinov et al.,
1997).
The Irreversible Turnover-Induced Suicide Inactivation
Any modifications in COX that result in structural alterations at the active site or
a delay in proton or electron transfer events can lead to turnover-induced suicide
inactivation (Bratton et al., 1999). This phenomenon is represented in terms of CC50,
which is the number of turnovers the enzyme goes through when 50 % of the enzyme
population is inactive. Thus, WT enzyme has a high CC50 as compared to that of the
mutant enzyme. This value becomes a good indicator for the half-life of the activity of
the enzyme (Bratton et al., 1999). Figure 13A shows the dependence of CC50 on pH for
the WT, TM and I-II oxidase. The pH dependence of CC50 for all of three forms is similar
to the corresponding pH dependence of the steady-state activity shown in Figure 12. The
CC50 of both WT and the TM COX are independent of pH at low pH values however,
their lifetime becomes shorter at high pH. This is unlike I-II oxidase, which shows a
strong pH dependence shifted to acidic pH values, also apparent in activity (Figure 12).
The half-life of the mutant is shown to be about 50 % lower than the WT (Table II). It
can be concluded that the shorter lifetime of the mutant enzyme results from losing
efficient proton uptake across different pH values because, according to the molecular
modeling results, the mutation does not alter the structure of the enzyme (Figure 8).
Figure 13B shows that the addition of asolectin causes a recovery in the CC50 in
the mutant at low pH buffers; however, there was a lack of recovery at high pH. The pH
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Figure 13
pH Dependence of Suicide Inactivation for WT, TM and I-II COX. Suicide
inactivation was measured in terms of CC50, defined as the number of catalytic cycles the
enzyme goes through when 50 % of the enzyme is inactive. (A) The pH dependence of
CC50 was measured using buffers with the appropriate pKa. Black bars are WT, light
Gray bars are the mutant and dark Gray bars are I-II oxidase. (B) pH Dependence of
suicide inactivation of TM COX in the presence of 1 mg/mL asolectin. This was done to
understand the possible role lipids could have in recovering from suicide inactivation.
The points were fitted to a sigmoidal curve with a single pKa to show that the CC50 of the
mutant exhibits a pKa value of 7.6 ± 0.3 with an R2 of 0.9234. This shows that the lipids
are able to replace the function of the histidine residues at low pH but not at high pH,
where the proton antenna would be most essential.
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dependence of CC50 in the presence of asolectin exhibits a pKa value of 7.6 ± 0.3.
Accordingly, the lipids were able to replace the function of the histidine residues at low
pH; however, they do not support the recovery of activity at high pH. This means that the
histidine residues are necessary, particularly in the absence of a high concentration of
protons and cannot be replaced by other functional groups.
The I-II oxidase data indicate that the lifetime of I-II oxidase is more dependent
on proton concentration as compared to WT (Figure 13A). This occurs because the
removal of SUIII has multiple consequences, including a delay in proton uptake, a change
in the structure at the active site, and also a delay in electron transfer and proton transfer
events (Bratton et al., 1999; Mills et la., 2003).

The Role Histidine Residues in Proton Uptake through the D-Channel
Cytochrome c peroxidase activity catalyzed by COX was studied to specifically
identify the effect of the mutations on proton uptake through the D-channel during
steady-state turnover activity (Alnajjar et al., 2014). The addition of hydrogen peroxide as
a substrate exhibits a higher rate of cytochrome c oxidation at pH 10, as compared to
oxygen as the substrate, because the reduction of hydrogen peroxide to water eliminates
the need for proton uptake through the K-channel (Konstantinov et al., 1998; Vygodina et
al., 1998; Verkhovsky et al., 1995). The addition of hydrogen peroxide in the presence of
an electron source allows the enzyme to bypass the oxidative phase of the catalytic cycle,
which requires protons from the K-channel (Figure 5, oxidative phase is where the
enzyme gets reduced in preparation for oxygen binding, intermediates OàR). Therefore,
protons are transferred solely through the D-channel and hydrogen peroxide reduction
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activity becomes independent of proton uptake rates through the K-channel. As a result,
peroxidase activity is used to measure the dependence of steady-state activity on proton
uptake through D-channel (Alnajjar et al., 2014).
Figure 14 shows the kinetics of cytochrome c oxidation catalyzed by COX in the
absence (Solid lines) or presence (Dashed lines) of hydrogen peroxide. These assays were
conducted at high pH buffer, pH 10, where the peroxidase reaction is shown to
predominate over oxidase activity under aerobic conditions (Konstantinov et al., 1998;
Riegler et al., 2005). The high pH buffer was also used to see the largest difference
between WT and the mutant and to observe the maximum effect of the antenna on
activity, because antennas are most effective at high pH buffer (Verkhovsky et al., 1999;
Riegler et al., 2005).
The initial slope after the addition of COX was used to calculate rates of
cytochrome c oxidation. As predicted, the rates of oxidase and peroxidase activities
catalyzed by the mutant are slower than that of the WT by 40 % and 35 %, respectively
(Alnajjar et al., 2014). Both the mutant and WT COX exhibit approximately a 2-fold
increase in the rates of cytochrome c oxidase when using hydrogen peroxide as a
substrate (Table IV). Thus, the mechanism by which the mutant lowers activity in the
absence of hydrogen peroxide is the same as that in its presence, which results from a
delay in proton delivery specifically through the D-channel. Comparatively, the activity
of I-II in the presence of hydrogen peroxide is 3.5 fold higher than in its absence, which
means that the removal of SUIII has different consequences on the activity in addition to
having an effect on the D-channel (Alnajjar et al., 2014).
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Figure 14
Cytochrome c Peroxidase Activity of WT, TM and I-II Oxidase at pH 10.
Representative traces for cytochrome c oxidation rates in absence (Solid lines) and
presence (Dashed lines) of 25 mM hydrogen peroxide. The slope of the initial rate after
the addition of 1 nM cytochrome c oxidase was used to get turnover numbers of 6.8±0.3,
4.1±0.5, and of 3.2±0.5 µM cytochrome c. s-1 for oxidase activity of WT (Black), TM
(Red) and I-II oxidase (Blue), respectively, and 14.2±0.9, 9.4±0.7, and of 11.1±0.2 µM
cytochrome c. s-1 for peroxidase activity of WT, TM and I-II oxidase, respectively.
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Table IV
Cytochrome c Oxidation Activity in the Presence and Absence of Hydrogen
Peroxide.
WT
Peroxidase Activity a
Oxidase Activity b

TM

14.2±0.9* 9.4±0.7*
6.8±0.3* 4.1±0.5*

I-II Oxidase
11.1±0.2*
3.2±0.5*

a

Activity measured in 25 mM CHES, 0.1% DM, pH 10.0 in the presence of 25 mM
hydrogen peroxide and 5 µM ferrocytochrome c. Units are expressed in terms of µM
cytochrome c oxidized per second.
b

In the absence of hydrogen peroxide. Units in terms of µM cytochrome c oxidized per
second.
* Statistically significant with P < 0.001.
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Catalase Activity
When in excess, hydrogen peroxide binds to the oxidized heme a3 in COX to
catalyze its decomposition to produce oxygen and water; however, the mechanism is not
fully understood. Molecular modeling suggested that hydrogen peroxide forms a bridge
between CuB and heme a3, therefore, distances between the two metal centers may affect
its binding affinity (Aoyama et al., 2009). Analysis of rates and pH dependencies of
hydrogen peroxide decomposition catalyzed by WT and the mutant COX can aid in
understanding the catalytic mechanism by which COX acts as a catalase and the role of
proton uptake and the n-terminus of SUIII in such activity.
The addition of excess hydrogen peroxide to the oxidized COX perturbs the heme
absorbance spectrum. Figure 15A is a representative spectrum of the shift in absorbance
as a result of exposing COX to hydrogen peroxide. A predicted peak at 439 nm in the
Soret region was observed in addition to a doublet in the alpha region at 580 and 610 nm
(Figure 15A). These peaks are characteristic shifts for a mixture of the P and F
intermediates of the catalytic cycle (Figure 5) (von der Hocht et al., 2011). Known
extinction coefficients were used to estimate the ratio of each of the intermediates that
occur under the reported conditions at pH 9.0 (Junemann et al., 1997). Accordingly, 40 %
of the enzyme reacted with hydrogen peroxide formed the F-intermediate (ε583-630= 5.3
mM-1cm-1) and 20 % formed the P-intermediate (ε607-630= 12 mM-1cm-1) (Junemann et al.,
1997).
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Figure 15
Effect of Hydrogen Peroxide on the Oxidized WT COX. (A) Difference spectrum of
COX in the presence of 12.5 mM hydrogen peroxide minus the oxidized COX at 0.25
µM in 50 mM glycine pH 9.0 + 0.05 % DM. A predicted peak at 439 nm in the Soret
region appeared. Additionally, a double peak in the alpha region at 580 and 610 nm are
apparent, which are characteristic peaks for a mixture of the P and F intermediates. (B)
Oxygen production was measured using a Clark-type oxygen electrode as the slope of the
initial rate of oxygen production when 0.25 µM COX was added to hydrogen peroxide in
50 mM glycine pH 9.0 + 0.05 % DM. The catalase activity was determined to be specific
to the active site of COX because it is inhibited by azide. Points were fitted with one site
saturation curve using Sigma Plot to determine the Km of WT COX to hydrogen
peroxide to be 12 ± 2.5 mM. This experiment was performed only once.
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The Km COX to hydrogen peroxide in the absence of electrons was measured by
fitting the dependence of the rate of oxygen production on the concentration of hydrogen
peroxide. Figure 15B shows that hydrogen peroxide is able to interact with WT COX
with a Km of 12 ± 2.5 mM as determined from a single site saturation fit. The catalase
activity was tested for specificity at the active site by using azide, which is a known
inhibitor that binds to the oxidized binuclear center (Li and Palmer, 1993). When azide
and hydrogen peroxide are mixed with the enzyme, the catalase activity is diminished.
Additionally, activity was tested in the presence of EDTA to eliminate any non-specific
reactions occurring with free metal ions. EDTA caused the activity to increase slightly
but not significantly, which confirms that the catalase reaction is specific to the binuclear
center (Figure 16A). The Km of hydrogen peroxide to the mutant and I-II oxidase were
not determined because saturation was not reached at high hydrogen peroxide
concentration. However, to compare activities, hydrogen peroxide at 2.5 mM was used to
eliminate peroxidation damage to the enzyme (Vygodina and Konstantinov, 1989; von
der Hocht et al., 2011; Sedlak et al., 2010).
Figure 16A shows that the mutant has a fivefold higher catalase activity as
compared to WT. In the presence of asolectin, the catalase activity was higher for both
the WT and mutant COX (Black bars). Asolectin was added to the solution as a
protecting agent against non-specific oxidation reactions resulting from hydrogen
peroxide. This means that the excess lipids were able to prevent oxidative damage to the
enzyme, which allows for an efficient binding and catalysis of the reaction at the active
site.
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Figure 16
Effect of pH and Asolectin on Catalase Activity of WT, TM and I-II Oxidase. (A)
Oxygen production was measured using a Clark-type oxygen electrode as the slope of the
initial rate of oxygen production when COX was mixed with 2.5 mM hydrogen peroxide
in 50 mM glycine pH 9.0 + 0.05 % DM in the presence and absence of 1 mg/mL
asolectin or in 50 mM MES, pH 6.0 + 0.05% DM. The catalase activity was determined
to be specific to the active site of COX because it is inhibited by azide. Activity is
reported as units of nmole oxygen produced per minute. Black bars are activities at pH
9.0 in the presence of asolectin, light Gray in the absence of asolectin and dark Gray bars
are activities at pH 6.0 in the presence of asolectin. (B) pH dependence of catalase
turnover number of the WT (square) and the mutant (triangle). COX was used at 0.12 µM
and hydrogen peroxide was used at 2.5 mM and activity was measured in buffers with the
appropriate pKa (25 mM MES, pH 6.5; 25 mM HEPES, pH 7.0-8.5; 25 mM CHES, pH
9.0-10.0) in 0.05 % DM.
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Figure 16B shows that the mutant has a stronger pH dependence than that of the
WT. This means that protons play an essential role in the ability of COX to catalyze the
decomposition of hydrogen peroxide, however, the mechanism is not known.
The ability of COX to catalyze the rapid decomposition of hydrogen peroxide in
the absence of electrons has been studied intensely to understand the mechanism of
catalase (Bolshakov et al., 2010; Hilbers et al., 2013). The role of protons in such a
mechanism is not fully understood. The work performed in this study shows an inverse
relationship between the catalase activity and proton concentration (Figure 16). At high
pH, turnover rate is faster, additionally, in the absence of the proposed proton collecting
antenna, the rates are faster. This suggests that the presence of a proton source decreases
activity.

Electron Delivery to the Active Site is Delayed as a Result of the Mutations in SUIII
Electron transfer and proton uptake events are interdependent (Karpefors et al.,
1998; Verkhovsky et al., 2006; Vanneste, 1966). An initial electron transfer to the active
site is necessary to raise the pKa of a nearby proton-accepting group (Verkhovsky et al.,
2006). A subsequent proton transfer becomes essential to neutralize the resultant negative
charge, leading to a rise in the reduction potential of heme a3 and consequently increasing
electron transfer rates (Vanneste, 1966; Verkhovsky et al. 2006). Accordingly, a delay in
proton uptake will decrease electron transfer rates from heme a to heme a3. Electrons are,
therefore, expected to accumulate at heme a during steady-state activity and result in
decreased oxygen reduction rates (Alnajjar et al., 2014).
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Figure 17
Steady-State Heme a Reduction Levels of WT, TM and I-II Oxidase. Representative
traces of heme a reduction level during steady-state was monitored at 444-460 nm (A)
and at 604-650 nm (B) in 25 mM CHES, pH 9.5, 0.1 % DM. WT during steady-state is
shown in Black, TM in Red and I-II oxidase in Blue. The oxidized spectrum is shown in
Brown and reduced in Green.

101
	
  

(A)

(B)

102
	
  

Figure 17 shows the heme absorbance in the Soret region (17A) and alpha band
(17B) of the oxidized state, steady-state at pH 9.5, and the reduced state of the WT,
mutant, and I-II oxidase. Knowing that proton antennae are most effective at low proton
concentration, high pH buffer was used in order to slow the activity of the enzyme during
steady-state activity and to observe the most contrast between WT and mutant COX
(Alnajjar et al., 2014).
Heme a contributes 50 % to the absorbance in the Soret region of the spectrum
(Figure 17A) and it contributes 85 % to the absorbance in the alpha peak (Figure 17B)
(Gibson et al., 1965; van Gelder and Muijsers, 1964). The results in Figure 17 show that
18 ± 2 % of both heme moieties of WT are reduced in the Soret region and 36 ± 3 % are
reduced in the alpha peak. Comparatively, the mutant shows a higher percent of heme
reduction; 29 ± 2 % in the Soret region and 50 ± 4 % in the alpha band, confirming that
the histidine residues are indirectly slowing electron transfer by slowing proton uptake
through the D-channel. I-II oxidase shows similar reduction pattern of the heme as the
mutant, which is another line of evidence that those residues are essential for oxygen
reduction activity at pH 9.5 (Alnajjar et al., 2014).
Results from steady-state heme measurements also reveal that the oxoferryl
intermediate accumulates at a faster rate in the mutant when compared to WT. This is
apparent by the formation of the A439 nm peak over time during steady-state (Figure 18).
The reaction following the formation of this intermediate requires protons from the Dchannel for the reduction of oxygen to form water (Figure 5). Therefore, the
accumulation of this intermediate suggests that proton uptake through the D-channel is
delayed (Alnajjar et al., 2014).
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Figure 18
Formation of the A439 nm Species as a Function of Time during Steady-State Oxygen
Reduction Activity of WT and TM. The TM (Empty circles) accumulated 3.5 more of
the A439 nm species after five minutes of oxygen reduction activity as compared to WT
(Filled circles). Data were fitted with a single exponential rise to maximum curve with
rates of 0.35 mM s-1 for the mutant (R2 = 0.9895), and 0.017 mM s-1 for WT (R2 =
0.9309) (ΔΔε439-414=50.7 mM-1 cm-1) (Junemann et al, (1997). Shown are representative
data from one trial.
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The mutant shows a 3.5-fold higher accumulation of the A439 nm species after five
minutes of steady-state activity, which appears at a rate of 0.35 ± 0.01 mM s-1 (Junemann
et al., 1997), however, the WT showed minimal changes in the absorbance at A439 nm
over time (Figure 18).
The Mutations in SUIII Lower Proton Pumping Efficiency
Figure 19 shows absorbance changes of phenol red resulting from the rapid
mixing of COX with reduced cytochrome c as measured by a stopped-flow
spectrophotometer. The proton pumping efficiency indicates the ability of the enzyme to
capture the energy released from oxygen reduction to pump protons. The lower red trace
of Figure 19 shows that only 50 % of protons are pumped in the mutant, which means
that only 50 % of the protons are delivered in time to capture the energy released from
oxygen reduction when compared to WT (Black) (Alnajjar et al., 2014). A similar
decrease in proton pumping efficiency also occurs when SUIII is removed as shown by
other groups (Prochaska and Fink, 1987; Mills et al., 2003).
	
  

106
	
  

Figure 19
Proton Pumping of WT and TM COX Incorporated Into Liposomes. Proton pumping
was measured by stopped-flow absorbance spectroscopy at 558 nm using 100 µM phenol
red as a pH indicator dye. Presented are averaged traces for 5 enzymatic turnovers. The
H+/e- ratio is calculated from the extent of maximum absorbance decrease from the lower
trances (Black for WT and Red for TM) (controlled conditions in the presence of 5 µM
valinomycin) divided by the maximum absorbance increase from the upper traces (Black
for WT and Red for TM) (uncontrolled conditions in the presence of 5 µM valinomycin
and 5 µM CCCP). WT exhibited an H+/e- ratio of 0.68 ± 0.21 with an RCR of 8.0±1.0
whereas the TM showed a ratio of 0.27 ± 0.07 and an RCR of 4.5±1.3.
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Part Two: The Role of Phospholipids of Subunit III in the Regulation of Structural
Rearrangements for Efficient Oxygen Reduction at the Active Site of Cytochrome c
Oxidase of Rhodobacter sphaeroides.
This study is aimed to clarify the role of SUIII as an essential member of the
conserved catalytic core of COX due to its ability to house specific interaction sites with
phospholipids. Thus, the structural and functional role of the phospholipids embedded
within SUIII of the enzyme merits a systematic investigation. Additionally, the
specificity of lipid binding to SUIII and the effect of binding on activity needs to be
studied in greater detail.
The phospholipids identified in the three dimensional structure of COX are not
directly involved in the electron transfer pathway or proton uptake channels. However, in
the absence of phospholipids, the mitochondrial and bacterial forms of the enzyme lose
their efficient function (Vik et al., 1981; Sedlak and Robinson, 1999; Varanasi et al.,
2006). Thus, it is proposed that the phospholipids are important for preserving the
structural integrity of the active site, which is necessary for optimal electron transfer rates
and for efficient coupling to proton pumping. This can be achieved by studying a
modified form of the enzyme where the phospholipids are cleaved. Ultimately, this will
shed light on the specificity and the importance of the lipids in the structural and
functional activity of COX.

Removal of the Phospholipids
Wild-type (WT) enzyme was treated with molar stoichiometric amounts of
phospholipase A2 (PLA2) in the presence of a nonionic, non-denaturing detergent, DM, in
effort to remove the phospholipids embedded in the enzyme without perturbing the
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interactions between SUI and SUIII (Bratton et al., 1999; Gomez and Robinson, 1999;
Sedlak and Robinson, 1999). PLA2 is a calcium dependent phospholipase that catalyzes
the hydrolysis of phospholipids at the sn2 position of the glycerol backbone to produce a
lyso-phospholipid and free fatty acid (Scott et al., 1990). This reaction weakens the
interactions between the phospholipids and the enzyme and allows for a rapid extraction
by detergent. Further lipid extraction was facilitated by washing the enzyme bound to a
cytochrome c affinity column after PLA2 treatment.
The loss of phospholipids was confirmed by ICP-MS as the ratio of phosphorous
per mole COX. Iron and copper were used as an internal standard. One mole of COX
contains three moles of copper and two moles of iron; thus, phosphorous was quantified
relative to three moles of copper and the molar ratio of iron to copper (2:3) was used as a
control and for normalization. Figure 20 shows that the WT COX purified by nickel
affinity chromatography retains 5-6 moles of phospholipids per mole COX. Upon
treatment with phospholipase, the enzyme lost most of the phospholipid content to have
less than one phospholipid per mole COX (Figure 20). As a control, I-II oxidase was
tested for lipid content to show that no phospholipids are bound in the absence of SUIII.
Thus, SUIII is necessary for the high affinity binding of phospholipids. COX isolated
from bovine heart mitochondria was also used as an additional control, which contains 17
phospholipids per mole COX, similar to reports published previously (Yu and King,
1975).
The data shown in Figure 20 confirm the lipid content to be similar to the content
in the crystal structures of COX from various species. The crystal structure of COX from
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Figure 20
Phosphorous and Iron Content of WT, Delipidated COX, I-II COX and COX
Isolated from Bovine Heart Mitochondria as Measured by ICP-MS. 65 µg of COX
samples, were washed in metal-free water and run through an Elan 9000 inductively
coupled plasma-mass spectrometer. Copper and iron were used as internal standards to
define a molar unit; one mole of COX contains three moles of copper and two moles of
iron. Concentration was quantified using a standard curve for each element. Black bars
are phosphorous mole content per mole COX (define as three moles copper). Gray bars
are iron content as a control, which should be two moles of iron per mole COX.
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RBS shows six phospholipids identified as PE molecules bound to the enzyme (Figure 4)
(Svensson-Ek et al., 2002). Additionally, the crystal structure of COX from bovine heart
shows that thirteen lipids are bound to the enzyme (Shinzawa-Itoh et al., 2007). Two of
the

thirteen

lipids

are

identified

as

CL,

three

triglycerides

(TG),

four

phosphatidylglycerol (PG), three PE and one phosphotidylcholine (PC) (Shinzawa-Itoh et
al., 2007). Though the estimation of phospholipids in bovine heart was higher, ~17
phospholipids per COX (Figure 20), variability in the purification protocol can cause
alterations in the phospholipid content.
The PLA2 treated enzyme retained SUIII as confirmed by Blue Native gel
electrophoresis (Figure 21A). The top most intense band of the native gel (Figure 21A,
Band A) contains enzyme that has all three subunits and the lower faster running band
(Band B) contains I-II COX, as identified from the second dimension SDS-PAGE (Figure
21B). Both the WT and delipidated enzyme accumulated a small amount of I-II COX at
10 and 15 %, respectively, of the total preparation. This could be as a result of extended
incubation times with the detergent, which may destabilize the interactions between
SUIII and SUI (Haltia et al., 1994; Bratton et al., 1999).
With the delipidation treatment, electron transfer activity of the enzyme was
reduced to 50-70 % of control COX (Table IV). Activity of the delipidated enzyme was
reconstituted to control COX with the addition of an exogenous source of phospholipids,
asolectin isolated from soybean, summarized in Table V. Additionally, when the
phospholipids are removed, the enzyme undergoes turnover-induced suicide inactivation
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Figure 21
Native Gel of the Delipidated Enzyme as Compared to WT. (A) Seven µg of COX
were loaded onto a gradient polyacrylamide gel (4-15 %) and was run at 80 V for 14
hours at 4 °C at pH 7.0. Lane 1 shows WT, containing Band A, which is the complete
complex, including SUIII, and Band B, which is I-II oxidase occurring at 10 % of the
total preparation as quantified from the ratio of the staining intensity of band B as
compared to the sum of intensities from Bands A and B. Lane 2 shows delipidated COX,
which contains 15 % of band B. (B) Bands A and B of WT and delipidated COX were
cut and loaded onto a second dimension SDS denaturing gel. Serva Blue stain from the
native gel was used to visualize bands under visible light using a Fuji LAS-3000 Imager.
SUII is not apparent because of the low detection limits of Serva Blue.
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Table V
Activity and Suicide Inactivation (CC50) of WT and Delipidated COX and Activity
Recovery of the Delipidated COX in the Presence of 1 mg/mL Asolectin.
	
  

Activity (s-1) a
CC50 b

WT
PLA Treated PLA Treated + Asolectin c
1300 ± 23
860 ± 6
1150 ± 95
65000 ± 1000 48000 ± 3000
62000 ± 1500

a

Electron transfer activity was measured in 50 mM potassium phosphate, pH 7.4, 0.1 %
DM using a Clark-type oxygen electrode in the presence of 20 µM cytochrome c, 14 mM
ascorbic acid, 0.6 mM TMPD. Activity was initiated by the addition of 2-10 pmole COX.
b

Suicide inactivation was measured in terms of CC50, defined as the number of catalytic
cycles the enzyme goes through at the point where 50 % of the enzyme is inactive.
c

Electron transfer activity and suicide inactivation of the delipidated COX were
measured in the presence of 1 mg/mL asolectin in 50 mM potassium phosphate, pH 7.4,
0.1 % DM. COX was incubated in buffer containing asolectin for 15 minutes prior to
measurements.
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as measured in terms of CC50. The lifetime of the delipidated enzyme also recovers to that
of WT in the presence of asolectin (Table V).
Asolectin isolated from soybean contains approximately 25 % PC, 25 % PE, 14 %
phosphatidylinositol (PI), 8 % LysoPC, 7 % CL, 4 % LysoPE, 3.5 % LysoPI, 3.6 % PG, 3
% phosphatidylserine (PS), and other unidentified components at 7 % (Ingolia and
Koshland, 1978). Any of those individual components, or a combination of them, could
have caused the recovery in activity by replacing the vacant lipid sites when the
endogenous phospholipids were digested. Thus, recovery of activity was measured in the
presence of purified phospholipids to test specificity of binding and activity recovery.

Specificity of Activity Recovery to exogenous Lipid Ligands
The membrane of the RBS contains mostly PE (40 %), PG (22 %), PC (20 %), CL
(6 %), and other lipids (Zhang et al., 2011). Additionally, the length of the acyl chains of
phospholipids is mainly 18:1 (Marinetti and Cattieu, 1981; Yeates et al., 1987). Thus,
purified lipids with oleic acid (18:1) acyl chain were purchased from Sigma-Aldrich. The
delipidated enzyme was incubated with each purified lipid prior to measuring activity.
For each phospholipid, the delipidated COX had a different response. Table VI lists the
fold activation for each of the tested lipids for both the WT and delipidated COX.
Table VI shows that all the diacyl and monoacyl glycerides were ineffective in
recovering activity. This was independent of the headgroup charge (PC (zwitterionic), PG
(negative), PA (negative), PE (zwitterionic)), acyl chain length (16:0, 18:0), saturation
(18:0, 18:1, 18:2) and independent of the phospholipid source (egg yolk, bovine heart).
Combining the different phospholipids also proved ineffective in the recovery of activity
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Table VI
Summary of Activity Recovery in the Presence of Different Lipid Ligands in WT
and Delipidated COX.
Ligand a
Asolectin (Soy bean)
CL (18:1)
CL (from bovine heart; mostly 18:1, 18:2)
Arachidonic Acid 20:4
Oleic Acid (18:1)
Stearic Acid (18:0)
Lyso PC (bovine heart; mostly 16:0, 18:0, 18:1)
PA (egg yolk; mostly 16:0, 18:0, 18:1, 18:2)
PC (18:1)
PE (18:1)
PG (18:1)
Lauric Acid (12:0)

WT b

Delipidated COX b

1.2 ± 0.08
1.1 ± 0.07
1.1 ± 0.07
1.04 ± 0.05
1.08 ± 0.09
1.02 ± 0.1
0.84 ± 0.03
1.09 ± 0.07
1.07 ± 0.1
1.1 ± 0.14
1.27 ± 0.04
0.89 ± 0.07

1.5 ± 0.16 *
1.6 ± 0.01*
2.2 ± 0.1*
1.9 ± 0.05*
1.9 ± 0.08*
1.9 ± 0.08*
0.96 ± 0.2#
1.16 ± 0.03#
1.04 ± 0.1#
0.96 ± 0.11#
0.93 ± 0.06#
0.95 ± 0.04#

a

Lipids were prepared by sonication in 50 mM potassium phosphate, pH 7.4, 0.1 % DM.
Both WT and delipidated COX were incubated with each of those lipids at 500 µM for 15
minutes prior to measurements.
b

Values reported as fold activity increase resulting from incubation with different ligands
as compared to untreated.
* Statistically significant with P < 0.001 as compared to untreated delipidated COX.
# Statistically insignificant as compared to untreated delipidated COX.
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(PG+PE, PG+PC, PC+PE and PC+PG+PE, data not shown). Alternatively, incubating the
enzyme with free long chain fatty acids (≥18C) showed a two-fold increase in activity
independent of chain length and saturation (18:0, 18:1, and 20:4). Most interestingly, the
addition of CL recovered the activity significantly. Though it has been shown previously
that COX purified from bovine heart requires cardiolipin for full functional activity, there
are no reports that show the affinity of RBS COX to cardiolipin (Vik et al., 1981;
Robinson, 1982; Sedlak and Robinson, 1999). The ability of CL to recover activity of the
delipidated COX is unusual because Zhang et al. (2011) have studied a form of RBS
which lacks the gene expressing cardiolipin synthesis to show that the purified COX did
not show altered activity. Expression, spectral characteristics and activity were unaltered;
however the lipid content was changed in the absence of cardiolipin synthase (Zhang et
al., 2011). This suggests that the enzyme has the ability to use alternative lipids, such as
PG, to replace the function of CL to ensure efficient activity (Zhang et al., 2011).
Figure 22A shows the dependence of the WT and delipidated COX activity on CL
concentration in 0.1 % DM buffer. The activity of WT is at maximum (1400-1600 s-1)
across the range of CL concentration, and thus, the activity is independent of CL. In
contrast, the delipidated enzyme exhibits a saturation curve with two binding sites, one
with a high affinity at 0.14 mM and another with low affinity at 26 mM. The two binding
sites are consistent with what was observed for bovine heart COX (Robinson et al., 1990;
Sedlak and Robinson, 1999).
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Figure 22
Concentration Dependence of Cardiolipin and Arachidonic Acid on Electron
Transfer Activity of WT and Delipidated COX. Activity was measured using a Clarktype oxygen electrode in 50 mM potassium phosphate, pH 7.4, 0.1 % DM. (A)
Concentration dependence of electron transfer activity on cardiolipin concentration for
both WT (Closed circles) and delipidated COX (Open circles). COX was incubated with
cardiolipin at each of the reported concentrations for 15 minutes prior to measurements.
Points were fit with a saturation curve with two binding sites using Sigma Plot to get
binding affinities of 0.14 and 26 mM for the delipidated COX (R2 = 0.9847). Shown in
the inset is the Eadie-Hofstee plot to show to the two sites. (B) The dependence of
electron transfer activity on arachidonic acid. Activity of the delipidated COX (Open
circles) was fit against arachidonic acid concentration with a two binding site saturation
curve to get binding affinities of 0.16 and 33 mM (R2 = 0.9985).
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Additionally, Figure 22B shows the dependence of activity on arachidonic acid in
detergent buffer. The dependence of the WT and delipidated enzyme activity on
arachidonic acid resembles that of the CL binding. The delipidated COX exhibits
biphasic binding with a high and low affinity sites and the WT exhibits no changes upon
arachidonic acid treatment. This data indicates that free fatty acids can replace the ability
of CL to stimulate the activity of the delipidated enzyme. Previous work has shown that
in the D132N mutant, where the enzyme lacks the initial proton acceptor group of the Dchannel, arachidonic acid can act to provide a replacement for the acidic group of D132
as the initial proton acceptor (Varanasi and Hosler, 2012); however, arachidonic acid may
act through a different mechanism to regenerate the activity of the D132N mutant.
To assure that the delipidation is not affecting proton uptake, and that the
recovery of activity resulting from arachidonic acid is not pH dependent, the pH
dependence of activity was tested (Figure 23). The trend in the pH dependence of the
delipidated COX is similar to that of the WT. This confirms that the removal of the lipids
is not affecting proton uptake, and thus the arachidonic acid phenomenon is specific to
replace the function of lipids.

Loss of a Cytochrome c Binding Site as a Result of Delipidation
It has been previously reported that the WT enzyme exhibits biphasic cytochrome
c binding (Ferguson-Miller et al., 1976; Hosler et al., 1992; Hiser et al., 2001). Though
the mechanism of this behavior has not been identified in RBS, it has been proposed that
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Figure 23
pH dependence of Electron Transfer Activity of WT and Delipidated COX. Electron
transfer activity was measured in different buffers with appropriate pKa (See Methods for
list of buffers used). WT is shown in Black bars and the delipidated COX is shown in
gray bars. Activity is reported as maximum fractional activity.
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this can result from either having two binding sites or having two different conformations
of the enzyme with two different reduction potentials (Brzezinski et al., 1986; FergusonMiller et al., 1976). Extensive work has been done to identify the mechanism of the
biphasic behavior of cytochrome c binding. The binding domain of cytochrome c on SUII
has been identified through chemical modifications and X-ray crystallography to show
that there is only one possible binding site to cytochrome c (Zhen et al., 1999, SvenssonEk et al., 2002; Tsukihara et al., 1996; Shinzawa-Itoh et al., 2007). Studies of single
turnover activity, ligand binding and the identification of the reduction potentials have
eliminated the possibility of two different forms of the enzyme as proposed by Brzezinski
et al. (1986) (Brzezinski and Malmstrom, 1986; Adelroth et al., 1995; Namslauer e al.,
2003; Brunori et al., 2005).
Studies on COX isolated from bovine heart have shown that the removal of
essential phospholipids eliminates the low affinity cytochrome c binding site (Vik et al.,
1981). This evidence supports the hypothesis that negatively charged phospholipids may
act as a docking site for the low affinity cytochrome c (Vik et al., 1981). It was proposed
that the second low affinity site may be necessary to eliminate the dependence of steadystate activity on diffusion of cytochrome c and may increase turnover efficiency (Maneg
et al., 2004).
To test the importance of phospholipids in the binding of cytochrome c to COX
from RBS, concentration dependence of electron transfer activity on cytochrome c was
measured in the presence and absence of endogenous phospholipids at low ionic strength
(Figure 24, shown as Eadie-Hofstee plot). The WT COX exhibits biphasic kinetics for
cytochrome c, with Km values similar to those previously reported (Figure 24, Closed
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Figure 24
The Steady-State Kinetics of Cytochrome c Interaction with WT and Delipidated
COX. Activity is measured in 25 mM TRIS-Acetate, pH 7.8, 0.1 % DM in the presence
of 14 mM ascorbic acid, 0.6 mM TMPD. Cytochrome c was used at 0-10 µM. The
reaction was initiated by the addition of 4-8 pmole COX. Delipidated COX is shown in
Closed circles, and delipidated COX incubated in 500 µM CL is shown in Open circles,
WT is shown in the inset. Points were plotted using the Eadie-Hofstee equation and
points were fitted with linear fits. The WT COX has been previously shown to exhibit
biphasic kinetics, which matches the results shown in the inset. Affinities were calculated
from the inverse of the absolute value of the slope of the line.
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Table VII
Summary of Apparent Km and Vmax of WT and Delipidated COX in the Presence
and Absence of Cardiolipin at Low Ionic Strength in 25 mM TRIS-Acetate, pH 7.8.
	
  

a

Km (L), µM
Vm (L), s-1 b
Km (H) , µM
Vm (H) , s-1

WT
0.58
562
0.15
368

Delipidated
N/A
N/A
0.26
552

Delipidated+CL c
0.83
928
0.23
554

a

Affinity is calculated from the inverse of the absolute of the slope of the line.

b

Maximum velocity is calculated from the x-intercept of the line.

c

Activity of the delipidated COX was measured in the presence of 500 µM cardiolipin.
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circles, Table VII) (Hiser et al., 2001). In the absence of lipids, the enzyme loses the low
affinity kinetic binding site (Figure 24, Table VII). This confirms that the lipids are
necessary for cytochrome c interaction with COX at the low affinity site. Upon
incubation of the delipidated enzyme with exogenous cardiolipin at 500 µM, the biphasic
kinetic binding characteristic is recovered and the Km values are reconstituted to those of
the WT (Table VII).
Though this does not determine the mechanism and location of the low affinity
binding site, it sheds some light on the importance of negatively charged lipids on the
interaction of cytochrome c with COX. Cytochrome c binds to SUII by electrostatic
interactions; thus, it is possible that a charged lipid is necessary to enhance the binding
between the pair. Additionally, the lipids can be necessary for uploading the next
cytochrome c onto the enzyme. In conclusion, these lipids are important in the binding of
cytochrome c.

Altered Ligand Binding at the Active Site
A change in the environment surrounding the active site can result in changes in
the binding kinetics and affinities of specific substrates and inhibitors. These changes can
occur as a result of alterations in the reduction potential of the metals or changes in the
protonation state at a site nearby, which may alter the attractive/repulsive forces
governing these interactions. Additionally, changes in binding can result from
fluctuations in the structure at the active site that inhibit binding. To test the effect of the
endogenous phospholipid content on the active site, a variety of known inhibitors were
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used to test the integrity of the active site and identify if changes in the environment
occur upon the removal of phospholipids.
Cyanide and azide are known to bind to the fully oxidized enzyme (Cooper and
Brown, 2008; Waino and Greenlees, 1960; Jones et al., 1984; Fei et al., 2000; Yoshikawa
et al., 1998). Alternatively, formate binds to either the fully oxidized or partially reduced
enzyme, as it only requires CuB to be oxidized (Nicholls, 1975; Junemann et al., 1997).
Figure 25 shows the apparent binding affinity of cyanide to the WT and
delipidated enzyme as measured from activity inhibition using the oxygen electrode. Both
the WT and delipidated COX exhibited biphasic kinetics. The high affinity site is similar
in both forms of the enzyme, Ki = 0.63 ± .08 mM for WT, 0.62 ± .16 mM for the
delipidated COX. However, the delipidated COX shows higher affinity at the lower
affinity site, Ki = 7.9 ± 0.5 mM for WT (Figure 25, Closed circles) and 3.4 ± 0.4 mM for
the delipidated COX (Figure 25, Open circles). The values of the WT are similar those
reported in literature for bovine heart COX (Van Buuren et al., 1972; Wilson et al.,
1994).
The dissociation constant for cyanide was also measured from shifts in the optical
absorbance of the heme molecules (Figure 26A). Upon the addition of cyanide to the
oxidized enzyme, a shift in the visible absorbance is seen in both the Soret and alpha
regions. The absorbance shifts from 425 to 430 nm in the Soret region and from 600 to
form a double peak with maxima at 580 and 615 nm in the alpha region (Figure 26A), as
seen in bovine heart COX (Van Buuren et al., 1972). Both the WT and delipidated COX
exhibited monophasic binding as measured from the shift at 430 nm (Figure 26B).

130
	
  

Figure 25
The Effect of Cyanide on Steady-State Activity of the WT and Delipidated COX.
Inhibition of steady-state activity is measured as a function of cyanide concentration in
50 mM potassium phosphate, pH 7.4, 0.1 % DM. Cyanide at each concentration was
added in the background and rates were calculated when COX at 4-8 pmole was added.
Activity is reported as maximum fractional activity. (A) Points were fit with a two site
competition binding curve, which has been shown in previous studies. WT is shown in
Closed circles with Ki1= 0.63 ± .08 mM, Ki2 = 7.9 ± 0.5 mM (R2 = 0.9951), and
delipidated is shown in Open circles with Ki1= 0.62 ± .16 mM, Ki2 = 3.4 ± 0.4 mM (R2 =
0.9507). (B) Points were plotted using the Eadie-Hofstee equation and points were fitted
with linear fits. Affinities were calculated from the inverse of the absolute value of the
slope of the line.
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Figure 26
The Effect of Cyanide on the Spectral Features of the WT and Delipidated COX.
Shifts in heme absorbance were detected on an HP diode array spectrophotometer. COX
was used at 0.5 µM in 50 mM potassium phosphate, pH 7.4, 0.1 % DM. (A) Difference
spectra of 10 mM cyanide bound-Oxidized WT (Solid line) and delipidated COX (Dotted
line). (B) Representative absorbance shift at 430 nm as a function of cyanide
concentration. Points were fit with a sigmoidal curve with a single binding site. WT is
shown in Closed circles with a Kd = 0. 84 ± 0.32 mM (R2 = 0.9639) and the delipidated
COX is shown in Open circles with a Kd = 0.80 ± 0.39 mM (R2 = 0.9844).
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However, the affinity of COX to cyanide was not significantly different in the presence
and absence of phospholipids, Kd = 0.84 ± 0.32 and 0.80 ± 0.39 mM, respectively.
The crystal structure of cyanide bound to the reduced COX shows that cyanide
acts as a bridging ligand between the two metals of the binuclear center (Qin et al., 2009).
During steady-state activity and in the absence of lipids, motion could occur at the active
site to change the distance separating the two metals, which would alter the binding
potential of cyanide (Jimenez-Oses et al., 2014). However, this structural alteration at the
active site may not occur when the enzyme is in the full oxidized state. Thus, affinity to
cyanide is not different whether phospholipids are present or absent in the oxidized state
(Figure 26B). The affinities indicate that the oxidation state of the enzyme affects the
binding of cyanide to the BNC. It is proposed that cyanide binds with stronger affinity to
the oxidized state and binds to the mixed valence COX with a lesser extent (Figure 25
and 26) (Assempour and Hill, 1997). This suggests that the removal of the lipids affects
only the affinity of the mixed valence COX to cyanide.
Azide is another well-known inhibitor that binds to the oxidized form the enzyme
(Li and Palmer, 1993; Yoshikawa et al., 1998; Fei et al., 2000). Figure 27 shows the
percent inhibition of steady-state activity by azide, which is independent of whether
lipids were present (Ki = 0.26 ± 0.05 mM) or absent (Ki = 0.26 ± 0.03 mM).
Figure 28A shows the spectral shifts that are characteristic of the azide bound
COX. These features are similar to those of the cyanide bound COX, though the
wavelengths at the maxima are different and the extinction is lower than that of the
cyanide bound. This can result from decreased access of azide to its binding site as
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Figure 27
Concentration Dependence of the Inhibition of WT and PLA Treated COX Activity
Induced by Azide. Electron Transfer activity was measured in 50 mM potassium
phosphate, pH 7.4, 0.1 % DM. Percent inhibition is plotted against concentration of
sodium azide and points were fit with a one-site ligand binding curve using Sigma Plot.
WT is shown in Closed circles with a Ki = 0.26 ± 0.05 mM (R2 = 0.9895). Delipidated
COX is shown in Open circles with a Ki = 0.26 ± 0.03 mM (R2 = 0.9962).
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Figure 28
The Effect of Azide binding on the Spectral Features of WT and Delipidated COX.
Shifts in heme absorbance are detected on an HP diode array spectrophotometer. COX
was used at 0.5 µM in 50 mM potassium phosphate, pH 7.4, 0.1 % DM. (A) Difference
spectra of azide bound 1 mM-Oxidized WT (Solid line) and delipidated COX (Dotted
line). (B) Absorbance shift at the maximum Soret peak as a function of azide
concentration is plotted. Points were fit with a hyperbolic curve with a single binding site.
WT is shown in Closed circles with a Kd = 0.069 ± 0.014 mM (R2 = 0.9829) and the
delipidated COX is shown in Open circles with a Kd = 0.055 ± 0.016 mM (R2 = 0.9655).
This experiment was performed only once.
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compared to cyanide or can results from the differences in chemical and physical
characteristics between the two compounds. Upon azide binding, the absorbance
increases at 430 nm and a double peak appears in the alpha region at 565 and 608 nm;
these features are similar to those reported for bovine heart COX (Li and Palmer, 1993).
Figure 28B shows the binding affinity of COX to azide in the presence and absence of
lipids as measured from the increase in absorbance at 430 nm. As for the binding of
cyanide, azide binding does not change as a result of the removal of phospholipids, Kd =
0.058 ± 0.008 mM for WT and 0.058 ± 0.012 mM for the delipidated COX, similar to the
affinity of bovine heart COX to azide (Li and Palmer, 1993).
The difference between the binding of azide and cyanide can be attributed to their
specific chemical and physical characteristics. Though they are both linear molecules,
azide (+N=N=N-) contains two double bonds, as compared to cyanide, which contains one
triple bond. This makes azide a longer molecule. As a result, it is possible that the
binding of azide can be independent of small changes at the active site.
Formate is an additional ligand that acts to inhibit steady-state activity of COX by
competing at the oxidized or partially reduced active site with very low affinity (Nicholls,
1975; Junemann et al., 1997). Figure 29 shows the extent of steady-state inhibition of WT
as compared to the delipidated COX. Most of the activity is retained at < 10 mM formate;
however, activity drops 80 % in the presence of 100 mM formate. There are no apparent
differences between the binding of formate to the WT and delipidated COX (Figure 29).
This may be due to the size of formate, which may make binding independent of small
changes at the active site. Additionally, it has been reported that the binding of formate is
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Figure 29
Inhibition of Steady-State Activity of WT and Delipidated COX by Formate. The
decrease in steady-state activity was monitored as a function of formic acid concentration
as monitored on an oxygen electrode in 50 mM potassium phosphate, pH 7.4, 0.1 % DM.
Activity is reported as maximum fractional activity. WT is shown in Solid circles and
delipidated COX is shown in Open circles.
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Figure 30
Shifts in the Optical Absorbance of WT and Delipidated COX upon Formate
Binding. Shifts in optical absorbance were monitored at increasing concentration of
formic acid using 0.5 µM COX. Absorbance was monitored using an HP diode array
spectrophotometer in 50 mM potassium phosphate, pH 7.4, 0.1 % DM. (A) COX
incubated with 100 mM Formic acid is shown in the Dotted lines and the oxidized COX
is in Solid lines. WT is shown in Black and Delipidated COX is shown in Red. (B)
Dependence of Soret peak shift on Formic acid concentration. WT is shown in Closed
circles and delipidated COX is shown in Open circles. This experiment was performed
only once.
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independent of the redox state of CuB, which means that formate does not act to bridge
between the two metals of the active center (Junemann et al., 1997).
Figure 30A shows the spectral features of the heme absorbance when formate is
bound. There is a blue shift in the Soret maximum, from 425 nm to 420 nm, for both the
WT and delipidated COX; however, the extent at which it shifts is slightly lower in the
absence of lipids (Figure 30A, solid versus dotted lines of the WT and delipidated COX).
Figure 30B shows that the affinity of formate to the oxidized COX in the presence and
absence of lipids is not different; however, there is a slight reduction in the extent of
formation in the absence of lipids (Figure 30B).
Table VIII summarizes the binding affinities and extent of binding of the different
ligands to show that the removal of lipids only changes the binding kinetics of cyanide in
the presence of electrons. It also shows that the removal of the lipids has minimal effects
on the binding of azide and formate at the active site. In conclusion, the removal of the
lipids can cause structural motion near the active site, which occurs only during turnover
activity. Additionally, the effect of lipid removal on ligand binding is specific to the
chemical and physical characteristics of the ligand.

Structural motion in SUI and SUIII Results from the Removal of Phospholipids
Endogenous phospholipids are not directly involved in the electron transfer
pathway or proton uptake channels; however, the enzyme undergoes irreversible
turnover-induced suicide inactivation upon delipidation. Thus, lipids must be important in
regulating the structural integrity of the enzyme. It is proposed that the enzyme undergoes
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Table VIII
Summary of Ligand Binding Constants and Formation Extent for WT and
delipidated COX.
WT
Kinetic
Inhibition a
Binding b
Kinetic
Inhibition c
Binding c
Kinetic
Inhibition d
Binding

Cyanide
Azide
Formate

PLA

K1 (mM)

K2 (mM)

%
Formation

K1 (mM)

K2 (mM)

%
Formation e

7.9±0.5

0.63±.08

100

3.4±.42

0.6±0.2

100

0.1±0.002

--

100

0.1±.008

--

84

0.26±0.05

--

100

0.26±0.03

--

100

0.06±0.01

--

100

0.06±0.01

--

58

--

--

100

--

--

100

--

--

100

--

--

95

a

Inhibition of activity was measured using an oxygen electrode in 50 mM
potassium phosphate, pH 7.4, 0.1 % DM. Points were fit with two site
competition binding curve.
b

Absorbance shifts in the Soret maximum were detected using an HP diode array
spectrophotometer in 50 mM potassium phosphate, pH 7.4, 0.1 % DM. Points
were fit with a hyperbolic curve with a single binding site.
c

Points were fit with a hyperbolic curve with a single binding site.

d

Point fitting was not achieved with high goodness of fitness.

e

Extent of binding of the delipidated COX to different ligands was normalized to
that of the WT.
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Figure 31
Time-Dependence of Limited Chymotrypsin Proteolysis of WT and Delipidated
COX. WT and delipidated COX were treated with chymotrypsin at 10:1 weight ratio of
COX: chymotrypsin. Reaction occurred at room temperature in 20 mM TRIS pH 8.0.
Reaction was stopped at each time point with 1 mM PMSF and stored on ice until all
samples were complete. Five µg of COX were loaded into each lane. WT digestion
pattern is shown in (A); (B) shows the Delipidated COX digestion pattern. SUI’ is
byproduct of chymotrypsin digestion. (C) Representative plots for fractional band
intensity of SUI as a function of time (in hours). Solid circle is untreated WT control,
Open circle is WT and Inverted triangle is delipidated COX.
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structural alterations as a result of the removal of the phospholipids that effect ligand
binding, proton uptake and electron transfer events during turnover. These indirect effects
may lead to suicide inactivation, which is observed in the absence of endogenous
phospholipids (Varanasi et al., 2006).
It is proposed that the removal of the phospholipids results in structural alterations
near the active site that cause instability of SUI and the ultimate loss of the integrity of
the active site. To test this hypothesis, structural alterations in SUI were studied by
monitoring the time dependence of chymotrypsin digestion of SUI. Figure 31 shows the
SDS gel of the time dependence of limited proteolysis of COX by α-chymotrypsin.
According to the amino acid sequence from Svensson-Ek et al., (2002), SUI
contains 24 Y, 19 W and 51 F; SUII contains 10 Y, 8 W, and 13 F and SUIII contains 8
Y, 15 W and 27 F (Svensson-Ek et al., 2002). Even though it does not contain as many
substrates to chymotrypsin as SUI and SUIII, SUII has a more hydrophilic characteristic;
thus, upon exposure to chymotrypsin, it is rapidly digested, in less than 30 min (Figure
31A and B). Alternatively, both SUI and SUIII are highly hydrophobic; thus, the access
of chymotrypsin to its substrates becomes limited by inaccessible sites buried in detergent
micelles.
SUIII does not contain as many aromatic amino acids as does SUI. Thus,
incubation of COX with chymotrypsin for up to five hours at room temperature was
insufficient for efficient digestion. SUI had the most significant change in digestion
pattern over time, which results in the production of the digested SUI band, denoted as
SUI’. Accordingly, the staining intensity of SUI was plotted as a function of
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chymotrypsin incubation time, as shown in Figure 31C, along with a similarly treated
control without chymotrypsin. WT (Figure 31A, C) shows a decrease in the intensity over
time; comparatively, the delipidated enzyme shows a faster decrease in the intensity of
SUI (Figure 31C). This suggests that the rate at which chymotrypsin is gaining access to
the substrate is faster in the absence of lipids. This confirms that structural motion is
occurring more rapidly in SUI and that the enzyme exhibits a more relaxed, open
confirmation in the absence of lipids.
The previous results suggest that a motion in SUI occurs differently when the
phospholipids are absent. To confirm that motion in SUIII also occurs directly as a result
of the removal of phospholipids, fluorescence anisotropy measurements of COX motion
in control and delipidated enzyme were measured using IAEDANS as the fluorescent
probe linked to SUIII.
IAEDANS was used as the probe, which is specific for the sulfhydryl group of
cysteine residues (Figure 32B) (Hudson and Weber, 1973). In SUI, there are 2 cysteine
residues C64 and C88, which are 2 Å apart and are likely involved in a disulfide bond
because of their adjacent location relative to each other (Svensson-Ek, 2002). In SUII,
there are two cysteine residues that constitute the CuA coordination site (Speno et al.,
1995). Thus all cysteine residues in SUI and SUII are unavailable for nucleophilic attack
by IAEDANS. In SUIII, there are three cysteine residues at 143, 146 (helix IV) and 223
(helix VI). C143 and 146 are surface exposed while C223 is oriented to the core of SUIII.
Because of the hydrophilic nature of this probe, it is predicted that either C143 or C146
will be targeted for the nucleophilic substitution reaction by IAEDANS (Hudson and
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Figure 32
Predicted COX Molecular Structure with IAEDANS Binding Sites on SUIII. (A)
IAEDANS link to the sulfhydryl group of cysteine by nucleophilic substitution reaction
(Hudson and Weber, 1973). SUIII contains three potential cysteine residues, C143, C146
and C223. SUI is shown in Cyan, SUII shown in Green and SUIII shown in Yellow.
Structure was prepared using SPBDV using coordinates from 1M56 (Svensson-Ek et al.,
2002). (B) Molecular Structure of IAEDANS as provided by Hudson and Weber. (C)
SDS-PAGE of five μg of COX linked with IAEDANS (covalent reaction occurred after
incubation of COX and IAEDANS at 1:10 molar ratio for one hour at room temperature
in 20 mM HEPES, pH 8.0, 0.1 % DM under dark conditions). Gel was viewed under UV
light at 312 nm using a Fuji LAS-3000 Imager and looking at fluorescence emission with
an open filter. (D) Coomassie blue stained SDS gel. Lane 1 contains unlabeled WT, Lane
2 contains labeled WT, Lane 3 is unlabeled delipidated COX, Lane 4 contains labeled
delipidated COX, Lane 5 contains unlabeled A4C and Lane 6 contains labeled A4C
mutant.
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Weber, 1973). The predicted structure with the most likely locations of the labeled
cysteine is shown in Figure 32A.
The specificity of the reaction to SUIII in both the WT and delipidated COX was
identified by SDS-PAGE, as shown in Figure 32C. Only SUIII shows fluorescence in
IAEDANS-labeled COX when excited at 312 nm using a Fuji LAS-3000 imager. SUI
also shows auto-fluorescence because of the high concentration of intrinsic aromatic
amino acids and a lack of emission filters on the Fuji LAS-3000 Imager.
The binding stoichiometry to COX was calculated using absorbance spectroscopy
in accordance to equation 4 to find that there is 0.5 mole IAEDANS per mole COX. The
binding stoichiometry was independent of the lipids. This means that the lipids do not
affect the accessibility of the hydrophilic IAEDANS to the cysteine residues of SUIII,
suggesting that either C143 or C146, which are located at the surface of the protein, are
labeled.
The emission of IAEDANS is highly sensitive to the polarity of the surrounding
environment (Hudson and Weber, 1973). Figure 33A shows the emission spectra of
IAEDANS in the presence (WT, Black line) and absence of lipids (Delipidated, Red
line). Both the WT and delipidated COX show a broad population of emission
distribution in the range of 465-485 nm, with maximum at 470 nm. Additionally, the
delipidated COX shows a distinct shoulder around 505 nm, which seems to exist in the
WT as well, but the shoulder is more apparent in the delipidated COX. This emission
shoulder can be as a result of exposure of the probe to a different environment in the
absence of lipids.
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Figure 33
Emission Spectra of IAEDANS Labeled WT and Delipidated COX. Measurements
were done with 0.5 µM COX in 50 mM potassium phosphate, pH 7.4, 50 µM DM using
an ISS PC1 spectrofluorimeter with 1 mm excitation and emission slits. (A)
Representative emission spectra of IAEDANS WT (Black line) and delipidated COX
(Red line), excited 336 nm. (B) Fluorescence anisotropy of IAEDANS (ex. 336, em. 470
nm).
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The polarization of the IAEDANS linked to WT and delipidated COX can be
measured and used to infer the rotational rate of the probe in the presence and absence of
lipids. This can be done by utilizing Perrin equation as shown in equation 6 (Jahnig,
1979). The anisotropy of the WT is higher than that of the delipidated COX (Figure 33B).
This translates into a faster rotational rate of the probe in the absence of lipids, supporting
that the delipidated enzyme has more conformational flexibility.
This data suggests that there is motion in SUIII that causes the IAEDANS to have
a higher rate of rotation as compared to WT. As a consequence, this can cause SUI to
have higher freedom of motion (as shown by increase rate of SUI digestion by
chymotrypsin in Figure 31) and may cause the enzyme, when delipidated, to undergo
turnover-induced suicide inactivation.

Tentative Localization of the Lipids in vitro
Förster resonance energy transfer has been used to understand a variety of
different enzymatic mechanisms (Wu and Brand, 1994; Dockter et al., 1977). This tool
can be used to measure affinities, structural alterations, and physical distances across
structures (Wu and Brand, 1994). For this phenomenon to occur, a donor molecule needs
to have a fluorescence emission line that overlaps with the excitation wavelength of an
acceptor molecule. This energy transfer can occur efficiently depending on the distance
separating the pair of molecules, in accordance to equation 8.
FRET was utilized in an attempt to identify the location of TopFluor-labeled
cardiolipin (TFCL, acceptor molecule, Figure 34B) in relationship to the IAEDANS-label
in COX (donor molecule, Figure 32A). Figure 34A shows the emission band of
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Figure 34
Emission Spectrum of IAEDANS, Excitation and Emission Spectra of TopFluor
Cardiolipin. TopFluor measurements were done in a solution of 1 µM TopFluor
cardiolipin in 50 mM potassium phosphate, pH 7.4, 50 µM DM. Absorbance is measured
using an HP diode array spectrophotomer and normalized to the maximum (Solid Red
Line). Emission was measured using an ISS PC1 spectrofluorimeter with 1 mm excitation
and emission slits when excited at 495 nm (Black Solid Line) and normalized to the
maximum. Emission of 0.5 µM IAEDANS-labeled COX was measured when excited at
336 nm in 50 mM potassium phosphate, pH 7.4, 50 µM DM, and normalized to the
maximum (Black Dashed line). (B) Structure of TopFluor cardiolipin as provided by
www.Avantilipids.com.
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IAEDANS-labeled COX, which overlaps with the excitation line of TFCL. Equation 10
was used to calculate the spectral overlap of the two chemical species, which was then
used in equation 9 to calculate the Förster distance, defined as the distance where energy
transfer occurs at 50 % efficiency. The refractive index was assumed to be 1.43 in a
solution of 0.1 % DM (Strop and Brunger, 2005), the fluorescence quantum yield was
assumed to be 0.94 (Johnson et al., 1991) and the dipole angular orientation was assumed
to be 2/3 for random orientations (Wu and Brand, 1994). These assumptions are excellent
estimates for the fluorophores used in this study. Accordingly, the Förster distance was
measured to be 53.1 ± 0.4 Å, suggesting that FRET can be used to study the effects of
delipidation of COX on its conformational state.
Having shown that cardiolipin restores electron transfer activity in the delipidated
COX (Figure 22A), and knowing that IAEDANS binds specifically to SUIII (Figure 32C
and D), FRET was used to examine the location of the TFCL in SUIII and to monitor
conformational changes during enzymatic turnover. In order to perform these
experiments, the effect of TFCL on activity of the delipidated COX was tested to confirm
that TFCL can bind and that it can recover the loss in electron transfer activity. Upon the
addition of TFCL, electron transfer activity of the delipidated COX increased 1.5 fold,
which is similar to the stimulation observed with unlabeled CL shown in Figure 22A.
The emission of TFCL is sensitive to polarity (Johnson et al., 1991). Thus, the
emission was tested as a function of detergent concentration to ensure that changes seen
in the emission of TFCL are resulting from the binding of TFCL to COX and not from
incorporation into micelles. Figure 35 shows that increasing concentrations of DM (> 100
µM) cause a large increase in the emission intensity (Figure 36A, Green and Blue traces).
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Figure 35
Dependence of TopFluor Cardiolipin Fluorescence Emission on Detergent
Concentration. (A) Representative emission scans of 1 µM TopFluor CL excited at 495
nm in 50 mM potassium phosphate, pH 7.4 with increasing concentration of DM as
measured by an ISS PC1 spectrofluorimeter. Shown in Red is the emission of TopFluor
CL in the absence of DM, in the presence of 50 µM DM is shown in yellow, 250 µM in
blue and 500 µM in green. (B) Shows the concentration dependence of the maximum
emission intensity of TopFluor on DM. There is a large rise in intensity once the DM
concentration reached its CMC (> 100 µM), and no significant changes were noticeable
at concentration higher than that. The inset shows a close up on the change in TFCL
emission with DM.
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The detergent concentration, at which this large increase in emission occurs,
coincides with the critical micelle concentration of DM, > 100 µM (Warr et al., 1986).
Activity was also tested at low detergent concentration, 50 and 100 µM DM, to confirm
that CL can stimulate activity in the absence of detergent micelles. Figure 36 shows that
the activity of both WT and the delipidated COX is decreased at low DM concentration.
This occurs because DM is used at a concentration below its critical micelle
concentration (CMC) (Warr et al., 1986). Thus, detergent micelles are the favorable
environment for COX. COX is a membrane protein, and thus, it prefers exposure to an
environment that mimics the membrane.
Figure 36 also shows that the addition of a low concentration of CL (1 µM)
recovers the activity of the delipidated COX to that of the WT in 50 µM DM. Figure 22A
shows that in 2 mM DM, activity recovery of the delipidated COX occurs at 250 µM CL.
This means that CL prefers incorporating into micelles and that the presence of high
detergent concentration negates the effect of CL on the delipidated COX. Accordingly,
FRET measurements were performed at 50 µM DM to ensure that emission is resulting
from CL binding to COX not from incorporating into detergent micelles.
Starting with the IAEDANS-labeled COX, TFCL was added at a 2:1 molar ratio
of TFCL: COX to allow saturation at one of the binding sites. Energy transfer from
IAEDANS to TFCL was monitored over time by exciting IAEDANS at 336 nm and
monitoring the emission of TFCL at 505 nm until it reached steady-state (Figure 37). The
rate at which FRET occurred in the WT is 0.016 ± 0.002 s-1, which corresponds to one
event occurring in the nearby vicinity of IAEDANS. Alternatively, the delipidated COX
exhibited biphasic kinetics with rates of 0.104± 0.035 and 0.026± 0.002 s-1, which
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Figure 36
Recovery of WT and Delipidated COX Activity at Low DM Concentration. Activity
was recorded in 50 mM potassium phosphate, pH 7.4 using a Clark type oxygen electrode
in the presence of excess reducing agents. Black bars are COX in 50 µM DM, Red is
COX in 50 µM DM with 1 µM CL, Green is 50 µM with 250 µM CL. Yellow is 100 µM
DM and Blue is 100 µM DM with 250 µM CL.
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Figure 37
Kinetics of Förster Resonance Energy Transfer between IAEDANS and TopFluor
Cardiolipin in WT and Delipidated COX. Measurements were done with an ISS PC1
spectrofluorimeter. Starting with using 0.5 µM COX in 50 mM potassium phosphate, pH
7.4, 50 µM DM at time zero, 1 µM TopFluor Cardiolipin was added and monitored over
time with one second time resolution for 600 seconds. Representative data for WT is
shown in closed circles and delipidated COX shown in open circles. The WT was fit to
an exponential curve with a single rate and an R2 of 0.9815, the delipidated COX was fit
to an exponential curve with a two rates with an R2 of 0.9893. Points were fit with fits
were
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Table IX
Maximum Emission and Rates of FRET for WT and Delipidated COX.
	
  

Rate 1
Max Emission
Rate 2
Max Emission

WT a

Delipidated b

N/A
N/A
0.016± 0.002
101667 ±4726

0.104± 0.035
109500 ±3535
0.026± 0.002
134000 ±35510

a

Time-dependence of FRET between IAEDANS and TFCL was measured using an ISS
PC1 spectrofluorimeter in 50 mM potassium phosphate, pH 7.4, 50 µM DM. Points were
fit with an exponential curve with a single rate.
b

Points were fit with an exponential curve with a two rate.
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corresponds to two events occurring, as summarized in Table IX. These events can be
interpreted as lipids binding to two different binding sites, which correspond to the
biphasic binding as shown in Figure 22A. It is suggested that the site with the high
affinity binds at a fast rate, which is absent in WT, and that the site with the low affinity
binds at a slow rate, which is comparable with WT. The time course could also mean that
the CL undergoes a change in location over time and, thus, a change in polarity.
However, as shown in Figure 22A, the existence of two binding sites on COX is most
likely to be the cause of the biphasic kinetic behavior of the delipidated COX. The
maximum intensity of the emission is also indicative of two different events occurring, or
two different binding locations, when comparing the delipidated COX to WT (Figure 37,
Table IX). In the absence of endogenous lipids, TFCL binds to an intrinsic site, exposing
it to a more hydrophobic environment, and thus allowing for higher emission intensity
(Figure 37).
Figure 38 shows strong evidence that TFCL binds at different locations in WT
and delipidated COX. The anisotropy of the TFCL was measured to be higher in the
delipidated COX as compared to the WT, which means that the motion of TFCL is more
stringent in the delipidated COX (Figure 38). This suggests that TFCL is interacting at
the v-shaped cleft of SUIII, which would restrict the motion of the bound lipid as
compared to the other predicted location at the interface between SUI, SUIII and SUIV
(Figures 40 and 41).
The efficiency of energy transfer between the donor and the accepter was
calculated using equation 7 and distances separating them were estimated. Figure 39A
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Figure 38
The Effect of Lipid Placement on Anisotropy. Anisotropy of IAEDANS-labeled WT
and delipidated COX was measured in the absence of TFCL (Black bars) (ex. 336 nm,
em. 470 nm) in 50 mM potassium phosphate, pH 7.4, 50 µM DM as measured using and
ISS PC1 spectrofluorimeter. Anisotropy from the emission of TFCL (independent of
FRET) was also measured in WT and delipidated COX (Gray bars) (ex. 495 nm, em. 505
nm).
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shows the normalized emission scan of TFCL, resulting from FRET, when IAEDANS is
excited at 336 nm. The emission of IAEDANS is quenched in the presence of TFCL. The
ratio at which the emission of IAEDANS is quenched correlates with the efficiency of
energy transfer, which also correlates with distance separating the pair of molecules in
accordance to equation 8 (Figure 39A, inset). Accordingly, both the WT and delipidated
COX exhibit binding of TFCL with slightly different distances, 46.7 ± 1.3 and 40.7 ± 2.1
Å, respectively.
In the absence of lipids, TFCL binds at a location closer to IAEDANS as
compared to WT. Figure 40A and B predicts the location at which the high affinity TFCL
binds in v-cleft of SUIII for the delipidated COX and Figure 40C and D predicts the
location of the low binding affinity site at the interface between SUI, SUIII and SUIV for
WT. Distances were measured from the predicted linkage sites of IAEDANS, C143 of
SUIII, to conserved residues that form salt bridges with the phosphate groups of the
phospholipids. Volume calculations of both the v-cleft cavity of SUIII (using SPDV) and
that of CL (using VEGA ZZ) match (v-shaped cleft = 2099 Å3 and CL = 1715.7 Å3).
Thus, it is predicted that the high affinity CL fits in the v-shaped cleft of SUIII (Figure
41).
Additionally, a mutant form of the enzyme, where all cysteine residues in SUI and
SUIII were mutated to alanine and A4 in SUIII was mutated to cysteine was tested for
TFCL binding using FRET. In the mutant, C64 and C88 in SUI in addition to C143,
C146 and C223 in SUIII were mutated to alanine (Cvetkov, 2010). The A4C mutant
exhibits normal optical absorbance and activity. Labeling of the mutant with IAEDANS
was specific to SUIII as shown by SDS-PAGE (Figure 32C). A4 is located ~ 50 Å
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Figure 39
Förster Resonance Energy Transfer between IAEDANS and TopFluor Cardiolipin
in WT and Delipidated COX. The emission scan of TFCL at 375-550 nm was recorded
in the presence IAEDANS-labeled COX when excited at 336 nm using and ISS
spectrofluorimeter with 1 mm excitation and emission slits. COX was used at 0.5 µM and
TFCL at 1 µM TFCL in 50 mM potassium phosphate, pH 7.4, 50 µM DM.
Representative scan of WT is shown in Black and delipidated is shown in Red. The
emission was measured in the absence of TFCL (Solid lines) and in the presence of
TFCL (Dashed lines). The effect of steady-state on energy transfer in WT and delipidated
COX is also shown. Dotted lines represent FRET in the presence of 7 mM ascorbic acid.
Solid Gray and Blue lines represent WT and delipidated COX, respectively; in the
presence of 7 mM ascorbic acid and 2.5 µM cytochrome c. Spectra were normalized to
the maxima. Additionally, Emission scan of the IAEDANS in the absence of TFCL were
smoothed using a negative exponential function on Sigma Plot. Inset is a magnification at
375-485 nm to show the differences in IAEDANS quenching amongst the different
groups in the presence of TFCL. (B) Absorbance changes upon the different treatments.
Shown in Black is WT and Red is delipidated COX. Solid line is 0.5 µM COX, dashed is
0.5 µM COX + 1 µM TFCL and dotted line is 0.5 µM COX + 1 µM TFCL + 7 mM
ascorbic acid. Maximum at the Soret region shifts from 425 nm in the oxidized state to
430 nm in the presence of ascorbic acid. (C) FRET distance dependence on ascorbic acid
concentration for WT (Closed circles) and delipidated COX (Open circles).
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Figure 40
Predicted TFCL Interaction Site with SUIII of WT and Delipidated COX. SPDBV
was used to measure distances separating C146 from predicted lipid binding sites.
Coordinates from PDB 1M56 were used (Svensson-Ek et al., 2002). (A) Distance
measurements between labeled C143 and residues that interact with lipids in the v-shaped
cleft. (B) V-cleft lipid without SUIII. Distances listed are IAEDANS to R137 (SUI) of
41.96 Å, to H71 (SUIII) of 36.34 Å and to R226 (SUIII) of 41.96 Å. (C) Distance
measurements between labeled C143 and residues that interact with lipids at the interface
between SUI, SUIII and SUIV. (D) Interface lipids without SUIII. Distances listed are
IAEDANS to R234 (SUII) of 51.58 Å, to N50 (SUIV) of 49.07 Å to R80 (SUIII) of
34.57 Å and to K23 (SIV) of 49.53 Å.

174
	
  

(A)

	
  

(B)

	
  

175
	
  

	
  
	
  

(C)

(D)

	
  

176
	
  

	
  

Figure 41
Volume Measurements of Normal Grooves in SUIII and of Cardiolipin. SPDBV was
used to estimate the volume of normal grooves in the three dimensional structure of
1M56. (A) A side view of the v-cleft cavity in SUIII shown in Indigo has a volume of
2099 Å3. (B) View of the volume shown in Violet at interface between SUI (Cyan), SUIII
(Teal) and SUIV (Black) with a predicted volume of 4379 Å3. (B) VEGA ZZ was used to
estimate the Van der Waals surface volume of cardiolipin to be 1715.7 Å3. Coordinates of
cardiolipin were used from 3WG7 (Hirata et al., 2014).
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away from C146. This mutant was used to help in mapping the three dimensional
location of the interaction site of TFCL. FRET data show that TFCL binds at a location
that is 45.9 ±1.9 Å from A4C. Accordingly, these measurements were used to estimate
the location at which TFCL binds at the low affinity site in WT COX, shown in Figure
40. These measurements fit well with the proposed site at the interface between SUI,
SUIII and SUIV of COX.

Effect of Steady-State on Lipid Motion
Upon the addition of a reducing agent, ascorbic acid, the enzyme turns-over at a
slow rate (Smith and Camerino, 1963). A red shift in the maximum of the heme
absorbance at the Soret region, from 425 nm in the oxidized state to 430 nm in the
presence of ascorbic acid, is characteristic of steady-state turnover activity (Figure 39B).
Distance separating IAEDANS and TFCL was measured during turnover to determine if
motion occurs in either helix IV of SUIII (containing the proposed IAEDANS linkage
site) or in the lipids.
Figure 39C shows the dependence of the distance on ascorbic acid concentration.
The donor and acceptor travel an average of 3-4 Å away from each other for both the WT
and delipidated COX, which, according to the predicted location of TFCL binding shown
in Figure 40, means a shift closer to SUI. The A4C mutant also showed a shift that
moved the probes 2-3 Å closer to each other. Though, the A4C measurement may be less
reliable. This is because the n-terminus of SUIII may undergo structural alterations
during turnover for the delivery of protons to the mouth of the D-channel. Yet, it can be
concluded that the lipids may allow the enzyme structure to condense vertically.
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IV. DISCUSSION

Part One: The Role of the N-Terminus of Subunit III in Proton Uptake in
Cytochrome c Oxidase of Rhodobacter sphaeroides
SUIII is not essential for steady-state electron transfer and oxygen reduction
activity; though, timed electron transfer events and conservation of energy for efficient
proton pumping require its presence (Prochaska and Fink, 1987; Wilson and Prochaska,
1990; Wu et al., 1995; Adelroth and Hosler, 2006). Thus, SUIII is essential as part of the
catalytic core of COX, though it does not contain any metal centers.
Extensive work has been done to try and identify the role of SUIII in the
functional activity of COX (Bratton et al., 1999; Mills and Hosler, 2005). It has been
shown that SUIII is able to maintain the extended lifespan of the enzyme. This was
concluded because the removal of SUIII increases the probability for turnover-induced
suicide inactivation (Mills and Hosler, 2005; Bratton et al., 1999; Varanasi and Hosler,
2012). The role of SUIII in preventing suicide inactivation has been linked to its ability to
maintain rapid proton uptake through the D-channel at high pH values (Gilderson et al.,
2003; Mills et al., 2003). It was suggested that SUIII contains residues that act as part of a
proton antenna, which enhances proton uptake into the D-channel; however, evidence
supporting this hypothesis is incomplete (Gilderson et al., 2003; Marantz et al., 2001).
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This work supports the hypothesis that three conserved histidine residues, located
at the n-terminus of SUIII, facilitate proton uptake through the D-channel during steadystate activity by acting as a proton reservoir and by buffering against small changes in the
pH of the surrounding environment (Alnajjar et al., 2014).
H3, H7 and H10 at the n-terminus of SUIII are located in close proximity to the
mouth of the D-channel, D132 in SUI. Histidine residues are characterized to have the
ability to bind protons and act as a proton-collecting antenna because of the imidazole
side group, which has a physiologically relevant pKa (Sacks et al., 1998; Haltia et al.,
1994). They can act as a proton reservoir at the entry point of a proton uptake pathway to
transfer protons at a rate faster than the rate of diffusion from bulk solvent (Haltia et al.,
1994). The results in this work support conclusions made by Adelroth and Brzezinski,
who proposed that an efficient proton collecting antenna is best described as histidine
residues surrounded by acidic groups located near a proton uptake channel (Figure 42)
(Adelroth and Brzezinski, 2004). This permits rapid protonation from solution and the
ability to reserve protons for uptake through the channel when needed (Marantz et al.,
2001).
Protection of the Mouth of the D-channel by Weak Interactions between SUI and SUIII
Upon purification of the triple histidine mutant (H3Q, H7Q, H19Q) by nickel
affinity chromatography, the association between SUI and SUIII is weakened (Alnajjar et
al., 2014). This is a strong indicator that the interaction between these residues and
residues of SUI are important for the structural integrity of the enzyme, and thus, the
function of the enzyme. FPLC purification eliminated most of I-II oxidase, though the
loss of SUIII may continue to occur during catalytic turnover (Alnajjar et al., 2014).
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The interaction energy between SUI and SUIII has been previously studied by
differential scanning calorimetry in Paracoccus denitrificans. Data show that SUIII
denatures differently from the rest of the enzyme at ~47 °C compared to I-II oxidase at 67
°C (Haltia et al., 1994). Additionally, it has been shown that a mutation in SUIII where
amino acids 94-98 are truncated weakens the association between SUI and SUIII by
disturbing a salt bridge between K103 of SUIII and D271 of SUI (Bratton et al., 2003).
Accordingly, the interactions at the interface of SUI and SUIII are limited and weak.
The histidine residues are located in close proximity to the c-terminus of SUI,
which contains a number of charged residues such as E548, H549, E552, K556, R557,
E558, and D559. These residues can interact to form weak bonds with the histidine
residues, which may act to preserve the integrity of the SUI and SUIII interface (Alnajjar
et al., 2014). The mutation data are also consistent with those of Varanasi et al. (2006),
who showed that there was very weak binding of SUIII to SUI; thus, the loss of any one
interaction can lead to a large-scale loss of SUIII. These results indicate that the removal
of any of the three charged groups in SUIII weakens the interaction with SUI (Alnajjar et
al., 2014). Alternatively, these histidine residues could be important for the in vivo
assembly of SUIII onto SUI or could be involved in membrane targeting signal (Varanasi
et al., 2006).
Buffering Capacity of the N-Side of the Membrane
Work has been done to show the ability of the N-side of COX to buffer against
small changes in pH of the surrounding environment (Kirchberg et al., 2013). Kirchberg
et al. showed that a number of amino acids located near the D-channel are able to buffer
against small changes in the pH. Accordingly, rates of proton uptake through the D182
	
  

channel become independent of small changes in the proton concentration of the
surrounding environment. Though I-II oxidase was used in the aforementioned study,
their conclusions could be extrapolated to WT COX containing SUIII because additional
residues are likely to be involved in buffering. Additionally, SUIII has an amino acid
composition at the n-terminus that is characteristic of a typical proton antenna (Johansson
et al., 2013; Marantz et al., 2001; Marantz et al., 1998).
The H3Q, H7Q, H10Q mutated COX exhibits lower steady-state electron transfer
activity without altering its pKa value (Alnajjar et al., 2014). The mutant COX undergoes
turnover-induced suicide inactivation that exhibits the same pH dependence as WT. Both
steady-state activity and suicide inactivation are recovered to WT when the mutant is
incubated with 1 mg/mL asolectin. This could occur as a result of the lipids forming a
structure surrounding the proton uptake channel, which may act as a substitute for the
proton antenna, though activity of the mutant is not comparable to the WT incubated with
asolectin. This supports the hypothesis that the proton antenna is necessary for activity
and that external lipids are unable to replace the functional role of the proton antenna
(Gilderson et al., 2003; Mills and Ferguson-Miller, 2002).
The retention of the WT pKa suggests that the environment around D132 has not
been altered and that the conformation of SUIII is retained similar to WT (Alnajjar et al.,
2014). Therefore, the decrease in steady-state activity and the increase in the probability
of suicide inactivation support that these histidine residues are likely acting as antenna
residues as proposed by Gilderson et al. (2003).
Though the apparent pKa of the mutant does not change, the pH dependence
presented indicates that the steady-state activity of the mutant is more inhibited at high
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pH (> 7.5) where a proton antenna would be essential due to the lack of bulk protons
from the solution (Alnajjar et al., 2014). This becomes relevant under physiological
conditions where the pH of the mitochondrial matrix is higher, 7.9-8.0 depending on the
cell type (Llopis et al., 1998). For example, WT exhibits an activity decrease of 45 %
with half a pH unit increase at pH 9.5; however, the mutant exhibits 60 % drop in activity
(Alnajjar et al., 2014). This indicates that the WT enzyme was able to buffer the
environment surrounding the D-channel at low proton concentrations; however, it starts
to lose this ability in the absence of the three histidine residues in SUIII at high pH values
(Alnajjar et al., 2014; Marantz et al., 2001; Marantz et al., 1998).
Additionally, when COX is incorporated into liposomes, the pH of the
intravesicular volume increases; this occurs during steady-state turnover due to proton
consumption from the vesicle interior since liposomes are impermeable to protons
(Cvetkov and Prochaska, 2007; Nguyen et al., 2002). The data from Figure 19 show that
the rate of coupled oxygen reduction is slower in the mutant enzyme in liposomes as
compared to WT (Alnajjar et al., 2014). When the proton ionophore (CCCP) is added, the
pH across the membrane equilibrates and proton concentration on the inside of liposomes
equilibrates with that of the external buffer, at pH 7.4; rates of oxygen reduction by both
COX forms become similar, as shown by the rate of increase in optical absorbance in
Figure 19 (Cvetkov and Prochaska, 2007; Alnajjar et al., 2014).
COX Activity is Inhibited by a Delay in Proton Uptake Through the D-channel
Cytochrome c peroxidase activity of COX has been shown to be independent of
proton uptake through the K-channel (Konstantinov et al., 1998). At high pH buffer,
peroxidase activity is faster and contributes to large part of the total activity under aerobic
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conditions as compared to oxidase activity (Konstantinov et al., 1998; Marantz et al.,
1998; Rich and Marechal, 2013; Vygodina et al., 1998). When comparing the ratio of
rates of peroxidase to oxidase in both the WT and the mutant (Figure 14), the ratio in WT
versus the mutant is approximately the same. Upon the removal of SUIII, the ratio of
peroxidase to oxidase activity becomes greater than that of the WT (Alnajjar et al., 2014).
This suggests that the mechanism by which the mutation slows activity is the same
whether hydrogen peroxide is absent or present. The D-channel is the common
mechanism between both activities, thus, it is most probable that the mutation lowers
activity by slowing proton uptake by the D-channel in the absence of the histidine
residues of SUIII. Additionally, it is possible that, in the absence of SUIII, hydrogen
peroxide can enter the active site more easily as SUIII can create a barrier to the entry
pathway (Alnajjar et al., 2014).
The active site also binds hydrogen peroxide to catalyze its decomposition
(Bolshakov et al., 2010). Though catalase activity has been studied previously, the pH
dependence of activity has not been considered. Data in Figure 16 show that catalase
activity is dependent on pH and that protons can inversely contribute to the turnover
rates. In the absence of a proton source, catalase activity is increased. It is proposed that
the decomposition of hydrogen peroxide at the active site produces enough energy for
COX to pump protons. The two-electron reduction potential of hydrogen peroxide is 1.77
V (Memming, 1969). According to the Nernst equation, this translates into ~340 kJ of
energy released as a result of its two electron reduction into two water molecules (Weiss,
1935). The potential difference across the inner membrane of mitochondria or bacterial
membrane is 230 mV, which translates into ~23 kJ (Mitchell and Moyles, 1969;
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Malmstrom, 1993). Thus, the decomposition of hydrogen peroxide releases enough
energy to pump protons across an electrochemical gradient. Accordingly, in the presence
of high proton concentration and a proton-collecting antenna, proton pumping becomes
rate limiting to the catalase activity in WT. Alternatively, in the absence of the proton
antenna and at high pH, catalase activity overcomes this rate limiting step in the triple
histidine mutant.
A decrease in proton pumping efficiency (Figure 19) upon the introduction of the
three histidine mutations provides additional support that these residues are essential for
rapid proton uptake through the D-channel (Alnajjar et al., 2014). Pumped protons have
been shown to be transferred solely though the D-channel (Konstantinov et al., 1997). It
has been proposed that the delivery of a proton to the proton loading site occurs when
E286 of the D-channel is in a certain orientation (Johansson et al., 2013). The decreased
proton pumping efficiency seen in the mutant could be as a result of a delay in the
delivery of protons to the proton loading site; consequently, the correct confirmation of
E286 relaxes before the proton arrives (Alnajjar et al., 2014; Brzezinksi and Johansson,
2010; Johansson et al., 2013).
The conclusion that the triple histidine mutation causes a delay in proton uptake
through the D-channel was also supported by the accumulation of the A439 nm species
(oxyferryl intermediate) over time during steady-state turnover activity (Alnajjar et al.,
2014). This indicates that proton uptake through the D-channel is slowed, causing the
A439 nm species to accumulate because for the following reaction after A439 nm to occur,
proton uptake through the D-channel is necessary (Figure 5) (Alnajjar et al., 2014).
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Finally, the results in Table III show support that these residues are involved in
proton uptake through the D-channel (Alnajjar et al., 2014). The ability of zinc to
decrease activity in WT but not in the mutant provides additional support indicating that
the mutant has difficulty taking up protons through the D-channel (Alnajjar et al., 2014).
This is because proton uptake in the presence of Zn during single turnover is delayed
with increasing concentration of Zn (Johansson et al., 2013; Aagaard and Brzezinski,
2001). Additionally, Muramoto et al. (2007) showed by X-ray crystallography that zinc
coordinates with a histidine residue at the c-terminus of SUI, near the n-terminus of SUIII
(Muramoto et al., 2007). Thus, this work demonstrates that one or all of the three
histidine residues is required for Zn binding and inhibition.
Transfer of Electrons from Heme a to Heme a3 Slows as a Result of Decreased Proton
Uptake Rates
The heme reduction assay is used to show that a modification to the enzyme can
cause either a direct or indirect change in the heme reduction levels during steady-state
activity (van Gelder and Slater, 1962). This implies that a decrease in the delivery of
protons to the active site can indirectly slow the electron transfer pathway (Verkhovsky et
al., 1995; Karpefors et al., 1998; Verkhovsky et al., 2006; Rich and Marechal, 2013).
Therefore, the data presented in Figure 17 indicate that the accumulation of electrons at
heme a represent a lower electron transfer rate from heme a to a3, which is consistent
with slower proton uptake rates through the D-channel (Alnajjar et al., 2014).
In summary, the results from the triple histidine mutant support the hypothesis
that one, two or all three of histidine 3, 7 and 10 of SUIII are necessary to stabilize the
interactions between SUI and SUIII and may play a role in facilitating the assembly of
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SUIII onto SUI (Alnajjar et al., 2014). Additionally, this work shows that the n-terminus
of SUIII of COX is important for efficient and rapid proton uptake into the D-channel at
high pH values (Alnajjar et al., 2014).
Figure 42 represents the model of a proton-collecting antenna, where a number of
histidine residues surround the mouth of the D-channel to rapidly abstract protons from
solution at a rate faster than and independent of proton diffusion. These residues also
have the ability to reserve protons for when the D-channel needs them.
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Figure 42
The Proton Antenna Model. Histidine 3, 7 and 10 (Blue) act as part of a protoncollecting antenna near the mouth of the D-channel. It is predicted that these residues
along with the acidic residues nearby provided by SUI nearby (Red), are essential for the
rapid uptake of protons from solution. They are able to bind protons rapidly and reserve
them for rapid uptake through the D-channel. SUI is shown in Yellow, SUIII in Green
and SUIV in Black. Amino acids proposed to be part of the proton-collecting antenna
near the mouth of the D-channel are highlighted and labeled. H3, H7 and H10 are located
on the n-terminus of SUIII; E448, H549, E552 are located on the c-terminus of SUI.
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Part Two: The Role of Phospholipids in Subunit III in the Optimal Structural
Alterations for Efficient Oxygen Recombination at the Active Site of Cytochrome c
Oxidase of Rhodobacter sphaeroides
Annular or boundary lipids are essential for membrane proteins to act as
mediators between proteins and the membrane (Lee, 2011). Alternatively, non-annular
lipids act as an integral part of the quaternary structure of membrane proteins (Lee,
2011). Specific lipid binding to proteins has been shown to effect protein folding,
insertion into the membrane, and stabilization of the structural integrity of proteins,
which allows for efficient activities (Hunte, 2005).
Crystal structures of many integral membrane proteins have been solved to find
specific phospholipids bound at the core of these proteins. Studying the functionality of
those proteins in the presence and absence of lipids helped identify phospholipids to be
essential for efficient activity, stabilizing the three dimensional structure and for
formation and the stabilization of multimers (Hasan and Cramer, 2014; Wakeham et al.,
2001; Vik et al., 1981; Sedlak and Robinson, 1999; Gomez and Robinson, 1999).
Studies have identified consensus phospholipid binding motifs in proteins, which
are specific to the phospholipid headgroup (LeCocq and Ballou, 1964; Hunte, 2005;
Palsdottir and Hunte, 2004). Mostly, the motif contains a positive amino acid to interact
with the phosphorous, and a polar amino acid to interact with the headgroup (Hunte,
2005). It is also suggested that CL has a binding motif that contains two positively
charged amino acids (typically Arg and His) followed by a polar residue (Wakeham et
al., 2001; Palsdottir and Hunte, 2004). The acyl chains interact with proteins by fitting in

191
	
  

grooves and clefts of structures to form van der Waals interactions with a variety of
amino acids (Hunte, 2005).
Energy transducing membranes are unique in their lipid composition in that they
contain the unique phospholipid, CL. While 10-20 % of the total phospholipid content of
the inner mitochondrial membrane contains CL, the bacterial membrane contains only 6
% CL (Krebs et al., 1979; Zhang et al., 2011). The inability to synthesize CL or its
absence in the mitochondria leads to many physiological diseases, such as Barth
syndrome (Dudek et al., 2013). It has been shown that in the absence of cardiolipin
synthase (the enzyme that synthesizes CL), yeast cells are unable to grow at 37 °C and
that oxidative phosphorylation becomes defective (Jiang et al., 2000). Conversely, in the
absence of cardiolipin synthase, the RBS cells grow normally under photosynthetic
conditions; though, growth becomes slow under aerobic respiratory conditions (Zhang et
al., 2011). Another hallmark of these bacteria is that the lipid composition of the
membrane is altered to contain more of the negatively charged PG, which is necessary to
form CL. The lack of this enzyme also caused a variable lower expression of COX in the
membrane and an altered profile for the lipids bound to COX (Zhang et al., 2011). This,
however, did not affect the structure and function of the purified COX. Though other
lipids can replace the role of CL in the bacterial COX, lipids are shown to be essential for
the activity and important for maintaining the integrity of the active center of
mitochondrial COX (Vik et al., 1981; Sedlak and Robinson, 1999).
It has been previously shown that COX purified from bovine heart mitochondria
requires CL to function fully (Vik et al., 1981; Sedlak and Robinson, 1999). CL in bovine
is shown to be necessary for proper complex assembly and for efficient activity (Sedlak
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et al., 1999).

In addition, the role of lipids in COX purified from RBS has been

previously studied to show that lipid content effects structural stability and electron
transfer activity (Ojemyr et al., 2012; Varanasi et al., 2006).
Subunit III of the catalytic core of COX contains conserved binding sites to the
headgroup and acyl chains of phospholipids. The crystal structure of COX from RBS
predicts that two of the six PE molecules bind in the v-shaped cleft of SUIII (Figure 4C).
The phosphate groups of PE form electrostatic interactions with R137 (SUI) and R226
(SUIII); additionally, W59 forms hydrogen bonds with the oxygen of the acyl chain
(Figure 4D). The fatty acid chains form Van der Waals interactions with a variety of
residues within SUIII. The mutant forms of these residues were characterized in RBS to
study the effect of phospholipid binding on activity (Varanasi et al., 2006). Analysis of
these mutations shows that SUIII is lost in the absence of R137 and that the interaction
between SUI and SUIII is weakened in the absence of R226, W58 and W59 (Varanasi et
al., 2006). Additionally, these mutations allowed the enzyme to undergo turnover-induced
suicide inactivation even in the presence of SUIII; though, this occurs in a mechanism
that is independent of proton uptake (Varanasi et al., 2006). This study highlights the
importance of the phospholipid interaction sites to the integrity of the enzyme and to the
interactions between SUI and SUIII. Though the effect of lipids on activity has been
studied previously, the effect of lipids on the structure and the selectivity of COX to
lipids, more specifically, the effect of CL on activity, has not been studied.
The Effect of Phospholipids on the Interaction between SUI and SUIII
To be able to study the effect of phospholipids on activity and the structure of
COX, whilst maintaining the interactions with SUIII, phospholipase A2 was used in the
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presence of mild detergent using a protocol similar to Sedlak and Robinson, 1999. This
treatment perturbs the interactions between the lipids and the enzyme, allowing for a
more efficient extraction of the lipids by detergent at low concentration. Upon the
removal of phospholipids by detergent exchange, the stability of the complex was tested
by native gel electrophoresis to show that the enzyme was able to retain SUIII even in the
complete absence of phospholipids (as measured from phosphorus content by ICP-MS,
Figure 20).
The mutants studied in Varanasi et al show a loss of SUIII when purified
(Varanasi et al., 2006). This data, along with the data presented here, mean that lipids
need to be present for the proper assembly of SUIII onto SUI. When the WT enzyme is
purified and lipids are then extracted, there is no loss of SUIII. This indicates that SUIII
was assembled first and that the removal of the lipids did not affect the association
between the two subunits. Accordingly, the presence of the phospholipid binding sites
and the lipids are necessary for the assembly of SUIII onto SUI but the opposite is not
necessarily true.
Specificity of Phospholipids in the Activity COX
The removal of phospholipids decreased steady-state electron transfer activity to
one-half of the WT and increased turnover-induced suicide inactivation (Table IV).
Though the PLA2 treatment causes 15 % of the enzyme content to lose SUIII, this does
not account for the 50-70 % inhibition of activity seen as a result of the delipidation.
Reversibility of this inactivation is seen when the delipidated enzyme was incubated with
exogenously added lipids prior to the initiation of electron transfer activity (Table V).
This recovery of activity is specific to the lipid type. This demonstrates the importance of
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lipids in the activity; however, it is still unknown whether the lipids are directly or
indirectly involved in activity by acting to preserve the structure at the active site.
The crystal structure of COX shows PE as the predominant phospholipid bound to
SUIII; yet, PE did not recover the activity of the delipidated COX (Table V). This was
intriguing considering that 40 % of the bacterial membrane is composed of PE (Ingolia
and Koshlan, 1978). The recovery of activity of the delipidated COX showed no response
to monoacyl and diacyl phospholipids. This lack of response was independent of charge,
acyl chain length, degree of saturation and lipid source. A mixture of PE, PG and PC was
also used to show that a combination of phospholipids with different ionic states was
ineffective in stimulating activity recovery. Interestingly, CL was the most effective
phospholipid in stimulating activity of delipidated COX; additionally, similar recovery
was observed in the presence of long chain free fatty acids with varying degrees of
saturation and length (>18C). This indicates that the recovery is not specific to the fatty
acid chain length and saturation.
The dependence of activity of RBS COX on CL has not been shown previously,
thus, the concentration dependence for the CL stimulation was shown in Figure 22. CL
exhibits biphasic kinetics behavior in the delipidated COX. WT activity is at maximum
and is independent of CL concentration, however, CL can bind to WT without affecting
the activity.
The seven helices of SUIII are bundled to form a v-shaped cleft where helices I
and II form one part of the cleft and helices III-VII form the second part of the cleft
(Figure 4). The arrangement of the helices allows lipids to bind within the cleft. SPDBV
was used to calculate volumes of normal grooves in the structure. Figure 41 shows that
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two major grooves were detected; the first one is within the v-shaped cleft with a volume
of 2099 Å3 and second one located at the interface between SUI, SUIII and SUIV with a
volume of 4379 Å3. VEGAA ZZ was used to estimate the Van der Waals volume of CL to
be 1716 Å3. Accordingly, one molecule of CL can fit in the volume of the v-shaped cleft
in SUIII. Additionally, the volume of the groove at the interface is twice as much as the
volume of CL; thus, it is possible that two molecules of CL can fit in this domain.
CL exhibits biphasic kinetics in the delipidated COX activity. The high affinity
site is most likely located within the v-shaped cleft in SUIII as it is a structurally welldefined binding pocket and is less accessible to solvent (making CL more stable in the
bound form) when compared to the other potential binding site. This site is most likely to
be occupied in the WT COX and vacant in the delipidated COX. Additionally, the low
affinity site for CL binding can be located at the interface. Though the measured volume
at the interface can accommodate two molecules of CL, these two possible sites may
have the same properties and affinities, making binding interchangeable within the
region. Thus, either two molecules bind at this interface site and act as one entity with
low affinity or only one molecule binds to induce the same effect.
Steady-State Kinetics of Cytochrome c Interaction with COX
Bisson et al. used cytochrome c derivatives to show that cytochrome c has two
distinct binding sites in bovine heart COX (Bisson et al., 1980). These two sites correlate
well with the enzyme kinetic studies (Ferguson-Miller et al., 1978). The high affinity
binding site for cytochrome c occurs in SUII, while the low affinity site is facilitated
through lipids (Bisson et al., 1980). Vik et al. showed that, in the absence of lipids,
bovine heart COX loses the low affinity site and that the addition of exogenous CL
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reconstitutes the site (Vik et al., 1981). They suggested that the negatively charged CL
facilitates the electrostatic interactions between cytochrome c and COX, which can
govern binding. They proposed that the loss of CL could affect the orientation at which
cytochrome c binds (Vik et al., 1981). It was also shown that activity of the delipidated
bovine heart COX can be recovered by the addition of various lipids, including PC and
PE, however, only CL had the ability to reconstitute the low affinity cytochrome c
binding site (Vik et al., 1981).
COX purified from RBS exhibits kinetic properties similar to that of the bovine
heart COX. In the delipidated COX, one of the kinetic sites is lost but can be
reconstituted to WT by the addition of CL (Figure 24). The lost site is the low affinity site
because the delipidated COX exhibits a site equivalent to the high affinity site of the WT.
When CL is added, the high affinity site does not change but the low affinity site, shown
in WT, is restored. The maximal activity for each of those sites is also listed in Table VI.
Activity is reported at low ionic strength in order to detect the low affinity site (FergusonMiller et al., 1976; Hiser et al., 2001). When measured at high ionic strength, the low
affinity binding site is lost (Ferguson-Miller et al., 1976; Hiser et al., 2001). Upon the
addition of CL to the delipidated COX, activity is increased. This confirms that CL has an
essential role in cytochrome c binding and in steady-state turnover activity.
CL can assist in the binding of cytochrome c at the low affinity site. The double
negative charge carried by CL has been proposed to assist in the electrostatic interactions
to tether cytochrome c onto the enzyme. This allows for electron transfer events to be
independent of the rate of release of the oxidized cytochrome c from SUII, which can be
rate limiting during steady-state electron transfer activity (Ferguson-Miller et al., 1976).
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In addition to facilitating electrostatic interactions between COX and cytochrome
c, CL may be involved in the formation of bovine COX homodimers, which may exhibit
biphasic kinetics in the presence of CL but not in its absence. The ability of COX to form
dimers has been shown in bovine heart and it was also shown that dimerization is assisted
by the presence of CL (Sedlak and Robinson, 1999). However, the association between
the biphasic cytochrome c binding and dimerization has never been clearly established
(Sedlak and Robinson, 1999). Alternatively, the ability of RBS COX to form dimers has
not been demonstrated.

Structural Rearrangements at the Active Site during Turnover Activity
The ability of COX to bind ligands at the active site can be used as an indicator of
small changes in the nearby environment. Binding of ligands can depend on the distance
separating the two metals at the binuclear center, the oxidation state, reduction potential
and protonation state of residues near the BNC (Cooper and Brown, 2008). Structures of
COX bound to cyanide and azide at the active site have been resolved in both mammalian
and bacterial COX in either the oxidized or reduced forms (Iwata et al., 1995; Qin et al.,
2009; Yoshikawa et al., 1998; Fei et al., 2000). Cyanide and azide have been shown to
bind to the BNC in the oxidized state. Additionally, cyanide showed affinity to the
partially reduced BNC (Jones et al., 1984). The structure of the cyanide-bound COX is
resolved in the reduced form and the structure of the azide-bound is resolved in the
oxidized form, thus, they cannot be compared against each other (Yoshikawa and
Caughey, 1990; Li and Palmer, 1992; Yoshikawa et al., 1998; Fei et al., 2000; Iwata et
al., 1995; Cooper and Brown 2008).
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In the bovine heart COX structure, azide was shown to form a bridge between the
two oxidized metals at the active site (Fei et al., 2000). The binding causes the distance
between the two metals to increase from 4.9 Å, in the unbound oxidized form, to 5.2 Å,
in the azide bound form, where CuB moves as compared to the position of the iron of
heme a3, which remains unchanged (Fei et al., 2000; Yoshikawa et al., 1998). A similar
effect was shown in COX from Paracocuss denitrificans, however, one of the CuB
ligands was not resolved due to increased motion (Iwata et al., 1995). The removal of
phospholipids caused no apparent changes in the delipidated COX in the binding affinity
of azide in the oxidized state or mixed valence state (Figure 27 and 28). This implies that
the distance between the two metals did not significantly change to affect the binding of
azide.
Additionally, the binding of azide was also found to be pH dependent in the
bovine heart COX (Fei et al., 2000). The delipidated COX shows no changes in azide
binding; thus, the protonation states of important residues near the BNC are unaltered as
a result of the delipidation.
Alternatively, binding of cyanide at the active site was changed upon the removal
of phospholipids; though, this difference is only seen when electrons are present during
steady-state activity (Figure 25). Cyanide binds to the delipidated COX at the low affinity
site twice as tight as the WT. This indicates that the binding of cyanide is affected only in
the partially reduced COX, which means that the lipids allow for movement during
turnover activity to control motion at the active site. It is possible that the two affinities
for cyanide represent two different populations at the BNC, where one is fully oxidized
and the other is partially reduced (Cooper and Brown, 2008). Accordingly, this means
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that only the partially reduced BNC shows a difference in cyanide binding upon
delipidation. It is also possible that the delipidation affects the binding of cyanide at a site
different from the BNC; though, this is highly unlikely. Data from this work cannot
eliminate any of those possibilities conclusively.
The chemical differences between azide and cyanide can explain the observed
discrepancies in their binding to the WT and delipidated COX. Azide contains three
nitrogen atoms linked by double bonds, making it a longer molecule as compared to
cyanide, which contains a carbon atom linked to a nitrogen atom by a triple bond.

Lipids Regulate Structural Flexibility
The role of phospholipids in the function of COX is thought to be structural
(Sedlak and Robsinson, 1999). Changes in the flexibility of the helices of the enzyme can
be measured indirectly by monitoring the rate at which subunits are digested by αchymotrypsin. Chymotrypsin was able to digest SUI of the delipidated COX at a rate
faster than WT. It is possible that the removal of the lipids can simply expose the binding
sites for chymotrypsin, however, because the size of the digested band is similar to that of
the WT, it can be concluded that increased motion in SUI increases the accessibility of
chymotrypsin to its digestion sites; alternatively, the enzyme can be in a more open
conformation upon delipidation.
The cleavage site in SUI has been previously identified by n-terminal amino acid
sequencing and mass spectrometry (Geyer, 2001). Chymotrypsin cleaves SUI at the cside of H7 position on the n-terminus. Additionally, the c-terminus of SUI is shown to be
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cleaved at Y530 to produce SUI’ band (Figure 31), where the last 44 amino acids at the cterminus are cleaved (Geyer, 2001). The n-terminus of SUI has not been resolved in the
three dimensional structure, thus, correlation between lipids and chymotrypsin cleavage
sites cannot be concluded (Svensson-Ek et al., 2002). Alternatively, the c-terminus of
SUI is located near the mouth of the D-channel of SUI. The increase in digestion rate is a
strong indicator that the removal of the lipids causes SUI, especially near the mouth of
the D-channel, to be more flexible and, thus, more labile to digestion by chymotrypsin.
Motion in SUIII is the most likely cause of the flexibility seen in SUI in the
delipidated enzyme. This was confirmed by studying the rotational freedom that SUIII
allows of IAEDANS (a fluorophore linked at the sulfhydryl group of cysteine of SUIII).
With the delipidation, IAEDANS sees more rotational freedom, which translates into
more flexibility in the absence of lipids, which explains the flexibility seen in SUI.

Differential Cardiolipin Binding in WT and Delipidated COX
Förster resonance energy transfer is a very powerful tool that measures energy
transfer between two molecules, which is highly dependent on the distance separating
them (Wu and Brand, 1994). It requires a donor molecule with an emission that overlaps
the excitation of the acceptor. It also requires the pair of molecules to be in close
proximity to each other (10-100 Å) (Wu and Brand, 1994).
TopFluor labeled CL has an excitation band that overlaps with the emission of
IAEDANS. Thus, this pair was used to study the localization of the CL in the three
dimensional structure in relation to the location of IAEDANS in helix III of SUIII.
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Measurements show that though TFCL binds to WT, it binds at a different location as
compared to the delipidated COX.
Measurements by FRET show that the distance separating the pair of fluorophores
is 46.7 ± 1.3 Å for the WT and 40.7 ± 2.1 Å for the delipidated COX. There are 6 Å
difference between the location of TFCL in WT and delipidated COX, which place CL in
WT 6 Å further away from IAEDANS, as compared to that of the delipidated COX. This
suggests that TFCL binds at two different locations in both forms of the enzyme. The
maximum emission intensity also indicates that the environment at which TFCL binds to
the delipidated COX is more hydrophobic as compared to WT.

Localization of the Cardiolipin Binding Site
The crystal structure of COX can be used to estimate the location at which TFCL
binds in both the WT and delipidated COX by measuring distances separating the
IAEDANS binding site and known binding sites of phospholipids. Figure 40 shows
distances reported between Cys 143 (predicted linkage site of IAEDANS based on side
chain accessibility) and several residues of SUIII where phospholipids may interact.
Lipids in SUIII are labeled in the crystal structure of COX as PEH 2008, 2009,
2010, 2011 and 2012 (Figure 4, Svensson-Ek et al., 2002). PEH 2008 and 2009 are
located within the v-shaped cleft. The phosphate head group of PEH 2008 forms an ionic
bridge with R226 (SUIII) at a distance of 4.1 Å. The phosphate head group of PEH 2009
interacts with R137 of SUI at a distance of 4.2 Å (Figure 40A and B). A distance of 12.6
Å separates the phosphates from both PEH, and at half the distance, there is a highly
conserved histidine residue (H71), where the imidazole ring is oriented towards the
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middle of the distance between the lipids. Alternatively, the distance separating the two
phosphate groups of CL is ~ 8 Å, which can vary depending on the structure (Kljashtorny
et al., 2014). Accordingly it is hypothesized that H71 is a possible site at which the
hydroxyl group of CL can interact, even though no mutational analysis has been
performed on this residue.
Additionally, the PEH 2010, 2011, 2012 and 2013 are localized at the interface
between SUI, SUIII and SUIV. PEH 2010 is located 4.8 Å away from R234 of SUII,
PEH 2011 is 4.3 Å away from N50 of SIV, PEH 2012 is positioned 4.9 Å away from K23
also from SIV and finally, PEH 2013 is located 4.9 Å away from R80 of SUIIII (Figure
40C and D). R80 of SUIII and R234 of SUII are highly conserved across species. Though
SUIV is not conserved across species, residues of similar locations are available in
structures from other organisms (Iwata et al., 1995; Yoshikawa et al., 2007).
Distances from the two different locations in the crystal structure (the v-shaped
cleft and the interface) were averaged and compared to distances measured from FRET
(Table X). The distance measured for the delipidated COX is similar to the distance
measured to the v-shaped cleft in the crystal structure and the WT FRET data is
comparable to distances measured at the interface.
COX from Paracoccus denitrificans also has a high percent homology to that of
the bovine heart COX, with 70 % conservation in the amino acid sequence of SUIII
(Pierron et al., 2012). The crystal structure of COX from Paracoccus denitrificans shows
two PC molecules bound at locations equivalent to those of PEH2008 and PEH 2011.
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Table X
Summary of Distances Measured for WT and Delipidated COX

WT b

Delipidated COX c

Predicted Distance in Structure a

46.2 ± 7.8

40.1 ± 3.2

Measured Distance from FRET

46.7 ± 1.3

40.7 ± 2.1

FRET Distance during Steady-State

49.8 ± 1.5

44.1 ± 1.7

	
  

a

Distance reported in Å as an average of the distances measured in the crystal structure.

b

The reported value is the average distance measured from IAEDANS at C143 to
predicted lipid binding sites at the interface between SUI, SUIII and SUIV.
c

The reported value is the average distance measured from IAEDANS at C143 to
predicted lipid binding sites at the v-shaped cleft in SUIII.
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The phosphorous group of PC that is equivalent to PEH2008 interacts with R233 (SUIII)
at 3.8 Å (Paracoccus numbering) and the second PC interacts with R198 (SUII) at 3.7 Å
(Harrenga and Michel, 1999).
According to the measured distances between IAEDANS linked to Cys143 and
the different residues, it can be concluded that the lipids at the interface between SUI,
SUIII and SUIV are located at a distance further away when compared to those at the vcleft of SUIII. Thus, the distances measured from FRET correlate well with the proposed
location of TFCL in both WT and the delipidated COX, where it binds at the interface of
the WT at a distance that is further away as compared to the delipidated COX, which is
most likely to occur at the v-cleft of SUIII (Table X).

Detected Motion in SUIII During Catalytic Turnover Activity
Upon initiation of slow steady-state activity, the distance between TFCL and
IAEDANS shifts 3-4 Å away from each other in both forms of the enzyme. This shift in
distance is most likely to be a motion towards SUI. This shift possibly occurs to assist
with the delivery of oxygen to the active site, as it has been proposed that SUIII acts as an
oxygen sink (Hofacker and Schulten, 1998). Additionally, lipids are proposed to be the
most likely oxygen pathway because of the higher partition of oxygen in lipids (Hofacker
and Schulten, 1998). The shift towards SUI can also indicate that these lipids act to
control the motion of SUI, specifically, at the active site to keep the active components
intact and to eliminate damaging side reactions, which lead to suicide inactivation. In the
absence of lipids, regulation of motion at the active site is absent, thus, the enzyme
undergoes turnover-induced suicide inactivation and CuB is lost at the active site.
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FRET data from the A4C mutant is possibly less reliable because the n-terminus
of SUIII, which contains the proposed proton-collecting antenna, can have motion
associated with turnover activity (Alnajjar et al., 2014). Nonetheless, the data show that
the TFCL and A4C site move closer to each other. Thus, it is possible that during
catalytic turnover, the bound phospholipids move closer to SUI and that at the same time
the structure of the enzyme condenses vertically to have a better control over the
structural motion of the active site, allow for oxygen delivery and to allow for the protons
to be transferred through the D-channel at a shorter distance. This data is supported by
time dependent deuterium exchange experiments, which show that the n-terminus peptide
of SUIII (2-26) has a higher rate of deuterium exchange as compared to others, most
significantly in the f intermediates (Busenlehner et al., 2006).
In conclusion, this study proposes a novel mechanism by which phospholipids
regulate the integrity of the structure of COX, especially at the BNC. These lipids can
play an important role in the binding of oxygen. They can act as an oxygen sink, thus
allowing oxygen binding to be independent of oxygen diffusion rates (Subczynski and
Hyde, 1983). They can condense the structure horizontally along the membrane to allow
for efficient oxygen delivery to the active site. Alternatively, these lipids may act to
compress the structure of COX vertically across the membrane, which may allow for
efficient proton delivery to the active site. These conclusions are supported by neutron
scattering studies, which show that COX from bovine heart has a more condensed
structure in liposomes as compared to that of the crystal structure (Rubinson et al., 2013).
Finally, the lipids can act to control the flexibility at the active site to modulate structural
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movement at the BNC, thus, allowing for efficient oxygen binding at the BNC and
efficient electron transfer activity.
This study suggests that in the absence of the phospholipids, the catalytic core of
COX becomes more flexible, as shown by anisotropy and chymotrypsin digestion. Thus,
the lipids are necessary to regulate the structural motion near the active site to increase
the rate of electron transfer activity and prevent suicide inactivation.
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V. CONCLUSIONS

The results presented in this work introduce two new roles for SUIII as an integral
part of the conserved catalytic core of cytochrome c oxidase. The n-terminus of SUIII
contains three histidine residues that are conserved across species and are located near the
mouth of the D-channel. Analysis of the three histidine mutant variant indicates that these
residues act as a proton-collecting antenna to increase the rate of proton uptake through
the D-channel at high pH. These residues were also shown to be important for the proper
assembly of cytochrome c oxidase and for the interaction between SUI and SUIII. As a
result, these residues become important for an efficient steady-state electron transfer
activity and, thus, efficient proton pumping.
SUIII also houses conserved phospholipids binding sites whose function has not
been fully described. The removal of these phospholipids decreases steady-state electron
transfer activity and causes turnover-induced suicide inactivation. The phospholipids are
shown to be important in stabilizing the structural motion of SUIII and SUI. They
become essential during catalytic turnover activity; they are shown to move closer to the
active site for better structural regulation during catalytic activity. Thus, they are
indispensable in stabilizing motion at the active site to limit damaging side reactions and
to assure the proper orientation of the metals at the active site for efficient ligand binding.
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This work provided evidence that SUIIII is an essential member of the conserved
catalytic core of cytochrome c oxidase as it contains a proton-collecting antenna,
important for proton uptake through the D-channel, and contains structural phospholipids,
important for stabilizing the active site for ligand binding.
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LIST OF ABBREVIATIONS
ADP

Adenosine Diphosphoate

ATP

Adenosine Triphosphate

BIS-TRIS

Bis (2-Hydroxyethyl)-Amino-Tris (Hydroxymethyl)-Methane

BNC

Binuclear Center

CC50

Catalytic Cycles at 50 % Inactivation

CCCP

Carbonyl Cyanide m-Chlorophenylhydrazone

CHES

N-Cyclohexyl-2-Aminoethanesulfonic Acid

CL

Cardiolipin

COX

Cytochrome c Oxidase

DEAE-5PW

Diethylaminoethanol

DM

Dodecyl Maltoside

DNA

Deoxyribonucleic Acid

DNase

Deoxyribonuclease

EDTA

Ethylenediaminetetraacetic Acid

ETC

Electron Transport Chain

F

Oxyferryl Intermediate

FA

Fatty Acid Chain

FAD

Flavin Adenine Dinucleotide

FMN

Flavin Mononucleotide
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FPLC

Fast Protein Liquid Chromatography

FRET

Förster Energy Transfer

HEPES

N-(2-Hydroxythyl) Piperazine-N’ -2-Ethanesulfonic Acid

IAEDANs

5-((((2-Iodoacetyl) Amino) Ethyl) Amino) Naphthalene-1-Sulfonic
Acid

ICP-MS

Inductively Coupled Plasma-Mass Spectrometry

IFE

Inner Filter Effect

kDa

Kilo Dalton

MES

2-(N-Morpholino) Ethanesulfonic Acid

NADH

Nicotinamide Adenine Dinucleotide

Ni+2-NTA

Nickel Chelated to Nitrilotracetic Acid

O

Fully Oxidized Intermediate

P

Peroxy Intermediate

PC

Phosphotidylcholine

PE

Phosphatidylethanolamine

PG

Phosphatidylglycerol

PLA2

Phospholipase A2

PI

Phosphatidylinositol

PMSF

Phenylmethylsulfonyl Fluoride

PS

Phosphatidylserine

Psi

Pounds per Square Inch

Q

Ubiquinone

QH2

Ubiquinol

R

Fully Reduced Intermediate
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RCR

Respiratory Control Ratio

RBS

Rhodobacter sphaeroides

SDS-PAGE

Sodium dodecyl Sulfate- Polyacrylamide Gel Electrophoresis

SPDBV

Swiss Protein Data Bank Viewer

SUI/II/III

Subunit I/II/III

TFCL

TopFluor Cardiolipin

TLCK

1-Chloro-3-Tosylamido-7-Amino-2-Heptanone

TM

Triple Histidine Mutant

TMPD

N, N, N’, N’, -Tetramethyl-p-Phenylenediamine

TopFluor CL

1,1',2,2'-Tetraoleoyl Cardiolipin [4-(Dipyrrometheneboron
Difluoride) Butanoyl]

TRICINE

N-(Tri (Hydroxymethyl) Methyl) Glycine

TRIS

Tris (Hydroxymethyl) Aminoethane

WT

Wild Type
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